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PREFACE 


Lcs  materiau x  composites  sont  caructdris&»  par  des  proprietes  physiques  cxceptionnelles 
qui  justifient  le  d(5vcloppcmcnt  rapide  de  leur  application  dans  lcs  veliicules  aerions  ct  spatiaux, 
auquel  on  assistc  acluellement. 

Cependant.  coniine  n’importe  quel  muteriau  dc  structure,  ils  ne  sont  pas  a  I’abri  de 
certains  defauts  d’integrite  pouvant  intervenir  aussi  bien  uu  count  du  cycle  de  fabrication  que 
com  me  consequence  d***  conditions  dc  scrvic  * 

Les  technologies  actucllcs  de  controle  non  dcstructif  sont  capablcs,  cn  general,  de  reveler 
la  presence  dc  ces  anomalies,  mais  Texp^riencc  est  encore  faible  qui  devrait  permettre  d'en 
apprecicr  les  consequences  cvcntuclles  et  de  decider  du  sort  de  1’element  cn  cause: 

luisser  voler  tel  quel 

reparer 

reformer. 

L’uttiludc  uctuellu  des  producteurs  autant  que  des  cxploitants  d’clumcnts  en  composite 
esl  d’eluder  la  difficulty  cn  cxer<;ant  line  politique  d’extreme  s£vr5rit6,  conduisant  au  rejet  ct 
au  rebut  de  la  pluparl  des  pieces  suspectes,  souvent  bien  au-dcssous  du  niveau  dc  risque 
raison  liable. 

11  esl  here  de  doute  que  cette  eotiteuse  pratique  ne  peut  favoriser  la  popularity  des 
muleriaux  composites  ct  ne  pent  manquer,  a  tenne,  d’hundicaper  leur  developpcmcnt. 

L’objet  dc  la  presente  Conference  dc  Sp^cialistes  etait  done  de  preciser  les  cri  teres  et 
tolerance  d’acceptation  des  composites  defcctueux,  par  un  approfondissement  de  la 
connaissancc  ilcs  consequences  des  dommages. 

Si  le  but  final,  qui  devrait  etre  un  veritable  reglement  des  conditions  d’acceptation,  ne 
peut  encore  etre  consider^  comme  at  feint,  les  d  iffy  rents  exposes  ont  mis  cn  Evidence  uu 
confirms  un  certain  nonibre  d’acquisitions.  Ainsi,  1’importancc  de  la  porosite  dont  lcs  scuils 
adn  Bibles  peuvent  d&ormais  ctrc  fixers. 

Une  tres  important  consiatation  que  ressorl  des  exposes  est  le  caract£re  non 
pemicieux  ct  la  faible  tendance  a  I’uggruvation  des  dommages.  Ceci  constituc  pour  le 
composite  un  avantage  que  I  on  apprcciera,  par  rapport  aux  metaux. 

On  peut  regretter  qu’il  n’ait  pus  etC1  rapporte  davantage  de  resultats  d’experienec  en 
service  d’lMcmcnts  cndnmmages.  Ceci  est  tout  naturcllemer.t  [’illustration  et  la  consequence  de 
la  politique  severe  d’aceeplation  evoquee  plus  haut,  laquellc  enfenne  actuellc merit  le  probleme 
dans  un  processus  circulaire  qu’il  est  grand  temps  de  rompre. 


GEORGES  JURE 
Chainuan,  Subcommittee  on 
Defects  in  Composite  Materials 
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fractographig  analysis  of  failures  in  cfrp 


D  Purslow 

Royal  Aircraft  Establishment 
Materials  and  Structures  Department 
FARNBOROUGH,  UK 


Q - wide-ranging  fractop’aphic  research  programme,  from  the  fundamental  characterisation  of  test 

coupon  fractures  to  the  failure  analysis  of  full-scale  aerospace  components,  has  been  undertaken  in 
Materials  and  Structures  Department,  RAS. 

This  paper  describes  wjrk  on  unidirectional  CFRP  test  coupons  in  which  a  known  mode  of  failure  had 
been  produced,  the  modes  being  lnrgti tudinal  and  transverse  tendon,  compression  and  shear*  From  a 
fundamental  understanding  of  the  cliaracter  of  the  different  modes  and  of  tha  mechanisms  of  fracture 
propagation  it  ia  shown  how  the  qualitative  significance  of  ttoicro-de facts1'  occurring  in  good  quality 
laminates  may  be  assessed.  The  defects  considered  are  fibre  faults,  fibre-matrix  bond  strength, 
fibre  distribution,  fibre  alignment  and  voids  and  inclusions;  these  are  illustrated  and  their  individual 
and  collective  significance  discussed. 

1  INTRODUCTION 

Microscopic  examination  of  the  fracture  surfacea  of  CFRP  test  coupons  in  which  a  known  mode  of 
failure  had  been  produced  has  provided  the  basis  for  a  wide-ranging  fractographic  research  programme* 
This  basis  has  led  beyond  the  ability  to  recognise  significant  characteristic  features  in  each  mode  of 
failure  to  a  detailed  understanding  of  the  fracture  processes  involved.  From  this  knowledge  it  is 
possible  to  make  qualitative  assessments  of  the  significance  of  defects  on  fracture  initiation  and 
propagation. 

As  an  introduction  to  the  topic  this  paper  briefly  describes  ths  characteristics  and  iracture 
processes  in  several  static  modes  of  failure  in  unidirectional  laminates  and  illustrates  the  occurrence 
of  some  manufacturing  defects  in  the  failure  of  good  quality  laminates.  The  influence  and  significance 
of  the  defects  in  unidirectional  CFRP  and  their  relevance  to  multidirectional  laminates  is  discussed. 

The  modes  of  failure  analysed  are  longti tudinal  tension,  transverse  tension,  compression  and  shear; 
the  defects  considered  are  fibre  faults,  fibre-matrix  bond  strength,  fibre  distribution,  fibre 
alignment,  voids  and  inclusions.  Two  resin  systems  are  considered,  one  a  plasticised  epoxy 
(manufactured  in  1982)  in  which  the  plasticiser  separates  into  an  array  of  microscopic  spheroids  and  a 
brittle  epoxy  (manufactured  in  1977)  which  shows  more  clearly  some  fractographic  features  masked  by  the 
spheroids  in  the  first  system.  Apert  from  two  optical  micrographs,  all  the  illustrations  are  taken 
from  gold  plated  r  ecimens  in  a  scanning  electron  microscope. 

L  TYPES  OF  DEFECT 

The  2  am  thick  unidirectional  laminates  were  fabricated  frc  irvpreg  sheet  and  cured  in  an 
autoclave*  They  were  of  good  quality  and  the  dejecta  considered  re  those  which  might  be  dubbed 
"micro-defects11  and  are  likely  to  occur  in  all  current  laminates. 

Fibre  Faults.  These  are  formed  during  manufacture  of  the  fibres  and  may  occur  aa  flaws  or  voids 
either  on  the  surface  or  internally  as  illustrated  in  Fig  1.  Additionally,  large  diameter  fibres  of 
unknown  properties  are  found  which  may  or  may  not  be  hollow.  Fig  2. 

Fibre-Matrix  Bond.  For  a  given,  consistent  fibre-matrix  system  the  bond  strength  should  not  vsry. 
However,  experience  has  shown  that  small  changes  such  aa  minor  variations  in  ribro  surface  treatment 
may  produce  significant  changes  in  the  fibre-matrix  bond  strength  and  consequent  alteration  in  CFRP 
properties.  Fig  3  illustrates  a  well-bonded,  brittle  composite  where  in  places  the  propagating 
transverse  tensile  crack  Las  broken  the  fibres  rather  than  the  bond.  Such  bonds  frequently  show 
evidence  of  chemical  changes  in  the  resin  around  the  fibre  resulting  in  fractures  within  the  matrix, 
with  thin  concentric  films  of  resin  remaining  on  the  fibres.  With  the  plasticised  resin  a  high  bond 
strength  may  result  in  preferential  breaking  of  the  plasticiser  -  epoxy  interface,  all  the  fibres 
remaining  covered  in  epoxy  as  shown  in  Fig  4.  Poor  fibre-matrix  bond  strength  will  naturally  result 
in  fibre  surfaces  devoid  of  resin,  Fig  5»  but  clean  fibre  surfaces  do  not  necessarily  imply  poor  bond 
strength. 

Fibre  Distribution.  The  variation  in  fibre  distribution  is  best  illustrated  by  an  optical 
oicrogr/.ph  such  as  Fig  6.  The  average  fibre  content  is  about  6^36  by  volume  but,  as  can  be  seen,  within 
a  small  area  varies  from  the  very  high  volume  fraction  hexagonal  array  at  A  to  very  low  st  a  ply 
boundary,  B. 

Fibre  Misalignment.  At  the  boundariea  of  the  prepreg  laminate#  numbers  of  highly  misaligned  fibres 
00 cur  hb  in  Fig  7.  In  addition,  significant  miaalignmant  may  arise  throughout  the  laminate  thickness 
due  usually  to  twisting  of  the  individual  fibre  tows  Fig  8. 
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Voids  and  Inclusions.  In  a  High  quality  laminate  the  void  content  is  less  than  0.5%  by  volume  and 
those  voids  which  do  arise  axe  usually  very  small  (c.10  pm  ),  Fig  9. 

Large  voids  occasionally  form  in  the  resin  rich  sxess  associated  with  interply  misaligned  fibres, 

Fig  10.  Particles,  such  as  the  unreacted  hardenor,  Fig  11,  which  make  no  bond  with  the  resin  may, 
because  of  moisture  absorption,  etc,  be  more  significant  than  voids  of  the  same  magnitude. 

5  LONGTITUDINAL  TQJSION 

A  longtitudinal  tension  failure  in  a  brittle  coaposite  is  shown  in  Fig  12.  Radiating  lines  called 
"redials"  can  be  detected  originating  at  the  relatively  smooth  area.  These  radials  are  formed  as  the 
fracture  propagates  along  different  radii  at  gradually  diverging  axial  positions  causing  lines  of  hills 
and  valleys  of  increasing  magnitude.  Frequently  individual  fibres  exhibit  similar  radials,  Fig  13, 
which  may  originate  at  a  fault  in  the  fibre  or  at  a  print  on  the  surface  close  to  an  adjacent  fibre. 

In  the  case  of  fibres  \n  close  proximity,  these  radials  may  indicate  that  the  failure  of  one  fibre  in 
directly  attributable  to  the  prior  failure  of  its  neighbour  -  these  are  referred  to  as  Directly 
Attributable  Fibre  Fciluree  (DAFF)  and  are  illustrated  in  Fig  i4  where  fibre  A  has  caused  the  failures 
of  fibres  B  and  C  and  subsequently  D  and  2.  Note  the  preference  for  the  failure  to  progress  from 
fibre  to  fibre  (C-*P-*E)  rather  than  cross  the  resin  rich  area  adjacent  to  B,  C  and  E.  Within  the 
matrix  fracture,  particularly  in  brittle  composites,  lines  may  also  develop  due  to  the  failure 
propagating  in  slightly  different  planes.  These  lines  may  take  the  form  of  radials,  Fig  15,  which 
radiate  in  the  direction  of  propagation  and  tend  to  die  out  as  the  lines  diverge  or  more  usually, 

"rivers",  Fig  16  which  converge  in  the  direction  of  propagation,  the  plane  separation  becoming  greater 
as  the  lines  converge. 

These  features  make  it  possible  to  chart  the  progression  of  a  tensile  fracture  from  fibre  to  fibre 
over  a  liu’ge  proportion  of  a  failure  surface  even  in  non-brittle  composites,  frequently  enabling  the 
sxact  origin  of  failure  to  be  determined. 

Thus  it  is  also  possible  i.o  assess  the  effect  of  defects  on  the  failure  process.  From  the  preceding 
discussion  of  the  failure  of  the  plasticised  composite  illustrated  in  Fig  14,  it  becomes  clear  immediately 
that  the  fibre  distribution  affects  the  fracture  propagation.  Where  the  fibres  are  closely  spaced  the 
fracture  takes  on  a  brittle  nature  and  travels  from  fibre  to  fibre  as  DAFF.  Where  the  fibres  are  well 
spaced  the  failure  may  progress  across  the  matrix  or,  more  likely,  along  individual  fibre  surfaces 
producing  a  less  brittle  fracture  with  considerable  fibre  pull-out. 

In  a  brittle  composite  the  same  preference  for  the  failure  to  progress  as  DAFF  occurs  as  shown  in 
Fig  1?. 

Figures  18,  19  and  20  are  taken  from  different  areas  of  the  same  non-brittle  specimen.  Failure  of 
individual  fibres  at  a  fault  may  result  in  fibre  pull-out  as  shown  in  Fig  18.  Where  the  fibres  are  more 
closely  spaced,  breakage  at  a  fibre  fault  may  merely  cause  the  axial  position  of  the  fracture  plane  Lo 
differ  slightly  from  neighbouring  fibres  -  one  of  the  prime  causes  of  the  hi 11-and- valley  radials 
Fig  19.  Where  the  fibres  are  touching  the  failure  again  propagates  front  fibre  to  fibre  as  DAFT  and  the 
presence  of  a  fibre  fault  has  no  effect  as  ir.  Fig  20. 

Weakening  of  the  fibre-matrix  bond  causes  the  failure  to  become  leas  brittle  (eg  compare  Figs  12  and 
18)  with  more  fibre  pull-out  and  consequently  much  less  sensitivity  to  impact  under  load. 

Fibre  misalignment  can  be  seen  to  cause  delamination  where  it  occurs  at  a  ply  boundary,  Fig  21,  or 
pull-out  of  blocks  of  fibres  where  it  is  due  to  twisting  of  the  fibre  tows,  Fig  8,  In  a  brittle 
composite  misalignment  may  well  cause  premature  failure  locally  or  even  total  failure  in  a  small  test 
coupon  as  iu  illustrated  in  Fig  22. 

Small  voids  in  the  quantities  accepted  in  good  material  rarely  occur  in  longtitudinal  tensile 
fracture  surfaces  since  when  they  are  seen  they  have  had  negligible  effect  on  the  tenaile  crack  propagation. 
However,  occasional  large  inclusions  may  have  more  serious  consequences  locally,  even  in  recent  non-brittle 
material  as  ahown  in  Fig  23,  where  the  inclusion  is  the  origin  of  the  local  tensile  failure  and  the  cause 
of  the  subsequent  delamination.  It  should  be  noted  that  the  processes  involved  in  both  brittle  and 
non-brittle  failures  are  identical,  it  is  merely  their  relative  importance  which  differs. 

4  COMPRESSION 

In  the  case  of  compression  the  main  fractogrvaphic  problem  is  the  obliteration  of  most  of  the 
microscopic  features  during  poat- failure  abrasion  of  the  adjacent  surfaces.,  Nevertheless,  detailed 
investigation  shows  that  in  the  current  plasticised  composite,  failure  commences  as  in-phase  fibre 
microbuckling  which  may  extend  over  the  whole  surface  as  shown  in  Figs  24-26.  In  earlier,  brittle 
composites,  failure  was  by  shearing  of  the  fibres  at  a  higher  compressive  ultimate  stress.  The  term  micro- 
buckling  is  used  to  describe  the  buckling  of  the  fibres  over  a  wavelength  of  about  10  fibre  diameters  or 
less.  In  the  upper  area  of  Fig  24  the  micro structure  has  been  destroyed  by  poet  failure  abrasion.  On 
the  lower  fracture  plane  the  fibres  show  clearly  the  characteristics  of  microbuckling  as  in  the 
enlargement  Fig  25*  In  the  upper  plane  of  Fig  25,  the  fibres  have  broken  in-phase  in  flexure,  the  upper 
and  lower  halves  of  each  fibre  fracture  being  tensile  and  compressive  failures  respectively.  In  the  lower 
plane,  although  more  damaged,  evidence  of  flexural  failure  is  in  the  opposite  direction  ac  would  be 
expected  with  fractures  occurring  at  the  antinodes  of  a  buckle.  The  buckle  axis,  roughly  horizortal  in 
Fig  25,  is  usually  perpendicular  to  the  direction  of  compressive  failure  propagation.  If  therefore  the 
larger  area  shown  in  Fig  26  ie  examined,  it  can  be  seen  that,  looking  along  the  upper  boundary  of  th« 
micrograph  from  left  to  right,  the  buckle  axis  changes  angle  from  positive  to  negative  indicating  that 
the  local  compression  failure  started  in  the  lower  central  region  of  the  area  depicted. 


Because  most  of  the  fibres  ere  constrained  to  fail  in  a  given  buckling  plane,  fibre  faults  and 
small  voids  are  rarely  seen,  indicating  they  have  little  effect  on  the  compressive  failure.  In  addition, 
movement  of  the  fibres  both  during  and  after  failure  make  minor  fibre  misalignment  and  variations  in 
fibre  distribution  impossible  to  detect.  Highly  misaligned  fibres  and  their  associated  resin  rich  areas 
induce  premature  delamination  and  ultimate  failure,  as  illustrated  in  Fig  27.  General  fibre 
misalignment  due  to  twisted  tows  causes  axial  cracking  and  rapid  changes  in  the  failure  plane  effecting 
an  overall  reduction  in  compressive  strength. 

The  change  of  mode  between  fibre  shear  and  fibre  micro-buckling  in  brittle  and  non-brittle  CFRP 
compression  failures  in  tnese  examples  is  due  to  the  change  in  matrix  characteristics  -  a  further 
weakening  of  the  matrix  or  fibre-matrix  bond  would  produce  a  reduction  in  fibre  stability  and  a  further 
reduction  in  compressive  strength. 

5  TRANSVERSE  TENSION 

The  tensile  stress  in  this  case  is  in  the  plane  of  the  laminate  and  perpendicular  to  the  fibres. 

Part  of  a  brittle  transverse  tensile  failure  which  originates  at  a  fibre  fault  is  shown  in  Fig  26.  The 
failure  surface  is  naturally  constrained  to  be  roughly  planar  by  the  fibres  themselves.  However,  minor 
radials  do  develop  in  the  surface  due  to  slight  changes  in  plane  as  the  fracture  propagates.  The  plane 
changes  are  the  result  of  fibre  breakage  and  the  rsdials  therefore  take  the  fora  of  broken  fibre  ends. 

For  example,  in  Fig  28,  the  failure  propagating  from  the  faulty  fibre  at  0  causes  the  radials  OA,  OB, 

OC,  OD  wtc  to  occur.  Similarly  oriented  radials  and  rivers  develop  in  the  matrix  as  dascribad  in 
paragraph  3«  In  plaaticioed  composites,  identical  features  arise  in  transverse  tension  but  are  masked 
py  the  cellular  nature  of  the  fractured  matrix.  Fig  2 9  shows  a  typical  failure  in  the  plasticised 
composite  occurring  at  a  pair  of  misaligned  fibres  A-A,  the  stress  concentration  due  to  the  misalignment 
and  associated  resin  richness  causing  failure  to  commence  in  this  area. 

A  similar  phenomenon  has  occurred  in  the  failure  illustrated  in  Fig  4  where  fracture  has  commenced 
«t  the  resin  rich  area  at  the  top  left  hand  corner  of  the  picture.  At  higher  magnification.  Fig  30  the 
various  failure  surfaces  are  clearly  visible,  the  fairly  smooth  fibrilar  surface  at  B  is  that  of  a  fibre 
and  at  C,  that  of  the  resin  at  a  fibre-matrix  bond  failure.  Note  the  non-cellular  nature  of  the  resin 
close  to  the  fibre  surface  at  D  and  the  tendency  for  the  epoxy  phase  to  part  from  the  spheroids  of 
plasticiser  aa  at  E.  Observe  also  that  the  imprints  of  the  spheroids  are  roughly  circular  -  noticeably 
different  from  the  imprints  left  on  a  shear  fracture. 

Voids  and  inclusions  such  as  illustrated  in  Fig  11  tend  to  reduce  the  strength  of  the  failure  plane 
but  since  they  occur  uniformly  throughout  the  composite,  removal  of  one  such  dsfect  from  which  failure 
originated  would  merely  cause  fracture  to  commence  at  an  adjacent  defect  at  a  negligibly  higher  stress. 
However,  large  voids,  Fig  10,  largo  fibres,  Fig  28,  or  a  group  of  badly  aligned  fibres,  Fig  29,  may 
cause  premature  failure  as  already  discussed  in  this  paragraph. 

Reduction  of  the  fibre-matrix  bond  strength  below  the  strength  of  the  matrix  naturally  causes  a 
corresponding  reduction  in  transverse  tensile  strength. 

6  SHEAR 

The  various  stages  of  shear  failure  are  illustrated  in  a  brittle  composite  in  Fig  31*  Ultimate 
failure  due  to  un  applied  shear  stress  normally  coamences  sa  failure  in  the  matrix  perpendicular  to  the 
tensile  component  of  the  resolved  uhear  stress.  Because  of  the  presence  of  the  relatively  stiff  fibrss, 
fracture  cannot  originate  at  a  point  source  and  propagate  as  is  the  Came  in  tension,  increasing  shear 
stress  causes  some  tensile  failures  to  occur  in  ths  matrix  as  at  A,  Fig  31.  A  further  increase  in  shear 
stress  does  not  cause  these  to  propagate  out  of  the  incipient  fracture  plane  but  increases  the  number 
of  such  tensile  failures  as  in  plane  B.  Shear  failure  finally  occurs  when  these  45°  tensile  failures 
turn  over  to  fora  the  characteristic  '31  shapes  and  ultimately  coalesce  over  the  whole  plane  so  at  C. 

Fig  32  shows  a  shear  failure  in  the  plasticised  composite.  The  characteristic  "cusps"  formed  by 
ultimate  failure  along  the  plane  of  45°  tensile  cracks  are  seen  at  D  and  indicate  the  relative  movement 
of  the  mating  surface  as  arrowed.  Again,  ns  was  seen  in  the  case  of  tranaverse  tension,  the  preference 

of  the  matrix  to  fail  at  the  interphase  boundary  rather  than  at  the  fibre  surface  is  evident.  Looking 

more  closely,  Fig  33,  the  imprints  of  the  spheroids  in  the  epoxy  layer  round  the  fibre  E  are  not 
completely  circular,  as  in  tensile  fractures,  but  semicircles  the  right  hand  semicircle  having  been 
removed  by  the  relative  movement  of  the  two  but  faces  at  failure  and  in  the  same  directions  aa  shown  in 
Fig  32.  Similarly,  as  illustrate*  in  Fig  34,  the  same  relative  movement  causes  those  fibres  which  cross 
the  failure  plane  to  break  in  tension  at  F  and  compression  at  G.  Hance  the  resin  cusps,  spheroid  imprints 
and  fibre  failure  modes  are  all  diagnostic  of  a  shear  failure  and  of  the  directions  of  applied  stress. 

Micro-defects  such  as  voids,  faulty  or  misaligned  fibres  shown  in  Figs  35  and  36  do  not  individually 
precipitate  fracture,  a a  may  be  the  case  in  tension,  but  servo  to  weaken  a  given  shear  plane  and  make  it 
more  susceptible  to  overall  premature  failure. 

Although  weakening  of  the  fibre-matrix  bond  will  encourage  separation  of  the  matrix  from  fibres  in 

places  before  the  45  tensile  failures  described  earlier,  final  fracture  will  a till  take  place  as 

described  and  be  dictated  by  the  overall  strength  of  that  plane,  albeit  at  a  reduced  stress. 

7  GENERAL  SIGNIFICANCE  OF  MICRO- DEFECTS 

It  has  been  shown  in  the  preceding  fractographic  analyses  that  micro-defects  occur  in  even  the  best 
CFRP  laminates  and  do  affsct  the  failure  mechanisms.  Nevertheless,  it  may  be  concluded  from  the 
description  of  the  occurrence  of  micro  defects  in  good  quality  composite*  and  their  influence  on  the 
fracture  processes  that,  apart  froa  local  perturbances  which  affect  only  small  coupons,  unless  all  the 
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defects  can  be  removed,  their  presence  ma y  be  regarded  as  a  material  property.  That  is  to  say,  for 
instance,  that  unless  til  fibre  faults  are  eliminated,  removal  of  the  cne  particular  fibre  fault  from 
which  a  longtitudinal  tension  failure  originates  would  merely  cause  failure  to  commence  et  an  adjacent 
defect  at  a  negligibly  higher  atreaa.  However,  large  weak  fibres,  inclusions  or  misalignment  may  have 
more  significant  local  effects  on  the  transverse  tensile  and  shear  strengths. 

The  strength  of  the  fibre-matrix  bond  has  been  shown  to  affect  all  four  failure  modes  considered. 

If  quality  control  ware  adequate,  then  the  compromise  necessary  between  the  i.igh  shear  and  compressive 
strengths  obtainable  with  high  bond  strength  and  tha  toughness  associated  with  a  weaker  bond  could  be 
determined  and  adhered  to.  In  practice,  variations  in  bond  strength  occur  all  too  frequently  and 
permeate  the  whole  of  the  laminate,  a  weakened  bond  lowering  the  transverse  tensile,  shear  and  compressive 
strengths  making  the  composite  more  susceptible  to  delamination  but  at  the  same  time  increasing  its 
toughness,  particularly  when  subjected  to  impact  under  tensile  stress. 

The  fibre  distribution  varies  rapidly  from  place  to  place  vithin  a  composite  and  has  been  shown,  for 
instance,  to  locally  increase  the  brittleneas  of  a  longtitudinal  tension  failure  where  the  packing  is 
high.  Similarly,  fibre  misalignment,  voids  and  inclusions  will  cause  stress  concentrations  and  thus  may 
locally  lower  tha  ultimate  strengths  in  all  four  modes.  Unless  such  variations  could  be  completely 
eliminated,  the  nr*at  significant  aspect,  apart  from  the  overall  effect  on  composite  properties,  is  the 
consequent  increase  in  variability  of  Bmall  strength  test  coupons. 

Thu  scope  of  this  paper  doea  not  allow  a  fractographic  dascription  of  failures  in  multi-directional 
laminates  but  the  work  has  shown  that  the  significance  of  the  defects  discussed  in  unidirectional 
material  applies  similarly. 

Thus,  in  the  case  of  static  failures,  the  existence  of  micro-defects  in  good  quality  laminates, 
whilst  causing  a  general  lowering  of  strength,  may  be  regarded  as  a  material  property  and  allowed  for  in 
design.  In  full-scale  composite  aerospace  structures  such  defects  therefore  have  little  significance. 
However,  one  exception  may  be  the  variation  in  fibre-matrix  bond  strength,  but  this  should  be  detected 
by  testing  each  batch  of  prepreg.  It  should  also  be  stated  that  improvements  such  as  better  general 
fibre  alignment  in  the  prepreg  would  provide  a  welcome  improvement  in  comprsite  properties. 
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7Destructive  and  nondestructive  evaluation  (NDE)  techniques  for  documenting  defects 
and  damage  in  resin-matrix  composite  materials  are  described  and  assessed  from  the 
viewpoint  of  a  researcher  studying  the  damage  accumulation  process.  The  results  Bhov 
that  deplying,  a  destructive  evaluation  technique,  provides  the  most  detailed  informa¬ 
tion  on  the  spatial  distribution  of  damage  in  resin-matrix  composite  materials.  Of  the 
NDE  techniques,  penetrant  enhanced  stereo  x-ray  radiography  is  the  best  one.  Ultra¬ 
sonic,  holographic,  and  edge  replication  NDE  techniques  provide  much  less  information 
than  x-ray  radiography.  Acoustic  emission,  thermographic  and  stiffness  change  monitor¬ 
ing  provide  valuable  information  on  when  to  conduct  more  thorough  evaluations  using  one 
of  the  other  NDE  techniques. 


1.  IMTKQDUCTIQM 

Nondestructive  evaluation  (NDE)  techniques  have  been  primarily  developed  to  assess 
the  quality  of  materials.  Since  only  the  presence  of  flaws  (manufacturing  defects  and 
damage)  and  not  their  accurate  description  is  of  interest  when  performing  quality  assur¬ 
ance  inspections,  emphasis  was  placed  on  developing  NDE  methods  for  rapid  evaluation  of 
the  quality  of  large  structural  components.  This  emphasis  resulted  in  the  development 
of  powerful  NDE  techniques  that  are  in  every  day  use  on  the  production  line  and  in- 
service.  Unfortunately,  these  NDE  methods  do  not  have  the  capability  to  provide  the 
accurate  description  of  defects  and  damage  that  is  required  by  the  researcher  investi¬ 
gating  the  damage  accumulation  process  in  composite  materials. 

A  number  of  NDE  methods  that  have  been  used  in  studying  damage  accumulation  in 
composite  materials  are  reviewed  herein.  Emphasis  is  placed  on  the  ability  of  the  NDE 
techniques  to  provide  a  detailed  and  accurate  description  of  ths  damage.  With  this 
emphasis  in  mind,  the  review  is  organised  into  four  major  sections.  Destructive  inspec¬ 
tion  methods  that  can  serve  as  the  standard  of  comparison  for  the  NDE  methods  are 
discussed  in  Section  2.  Various  NDE  methods  are  described  and  examples  of  the  type  of 
damage  features  that  can  be  documented  by  their  use  are  given  in  Section  3.  A  compari¬ 
son  of  the  NDE  techniques,  based  on  their  ability  to  serve  as  a  research  tool  in  damage 
accumulation  studies,  is  given  in  Section  4.  Finally,  recommendations  for  Improving  the 
'beat'  NDE  msthod  are  made  in  ths  last  ssctlon. 

2.  PESTOUCTIVE  IHSFECIIQH  METHODS 

The  following  two  distinct  destructive  inspection  methods  have  bean  successfully 
used  to  document  the  state  of  damage  in  composite  laminates. 

2.1  Sectioning 

A  fairly  accurate  description  of  damage  in  resin-matrix  composite  laminates  can  be 
obtained  by  sectioning  of  properly  prepared  samples  (Refs.  1-2).  In  this  method,  the 
sample  is  treated  with  a  penetrant  and  then  sectioned  by  dry  grinding  away  of  material. 
For  glass-epoxy  laminates,  any  penetrant  can  be  used.  For  boron-epoxy  and  graphite- 
epoxy  composites,  a  penetrant  (such  as  Zyglo)  that  can  be  observed  under  ultraviolet 
light  has  to  be  used.  This  technique  is  tedious  to  use  and  requires  specisl  care  if 
damage  details  are  to  be  accurately  documented.  It  can  find  matrix  cracks  and  delemlna- 
tions,  but  not  fiber  fractures. 

2.2  Deolvlna 

Deplying  (Refs.  3-6)  is  a  recently  developed  destructive  Inspection  technique  for 
accurately  documenting  the  state  of  damage  in  resin-matrix  composite  laminates.  It  is 
relatively  easy  to  use  and  provides  extremely  accurate  information  on  matrix  cracking, 
delaminations,  and  fiber  fractures.  The  deplying  technique  consists  of  the  following 
steps i 

(a)  The  sample  to  be  deplied  is  first  treated  with  a  gold  chloride  dlethylether 
solution  (containing  9.6»  gold  by  weight)  for  approximately  30  minutes.  After  the  gold 
chloride  dlethylether  solution  has  saturated  the  sample,  the  surfaces  of  the  sample  are 
wiped  with  acetone  moistened  cotton  to  remove  the  penetrant  from  the  surface.  The 
sample  Is  then  heated  to  approximately  65  C  to  remove  the  dlethylether  before  proceeding 
with  the  deplying. 

(b)  The  treated  sample  is  placed  Into  a  stainless  steel  wire  mesh  holder  and  the 


holder  is  inserted  into  a  furnace  maintained  at  420  to  425  C  for  70  to  100  minutes.  An 
inert  gas,  such  as  argon,  may  be  used  to  purge  the  furnace  {Ref.  6).  The  resin  is 
partially  pyrolyzed  during  this  heat  treatment.  Upon  completion  of  the  partial  pyroly¬ 
sis,  the  holder  containing  the  sample  is  removed  from  the  furnace  and  allowed  to  cool  to 
room  temperature, 

(c)  After  coolinq,  the  partially  pyrolyzed  Bample  is  carefully  removed  from  the 
holder  and  individual  lamina  are  unstacked.  The  unstacking  is  done  by  applying  adhesive 
tape  to  the  surface  of  the  top  lamina  to  reinforce  it  and  lifting  the  top  lamina  from 
the  sample.  The  deplied  lamina  is  then  attached  to  a  work  sheet  to  ease  handling  during 
examination  and  photography. 

(d)  The  deplied  laminas  are  examined  with  a  stereo  microscope  at  a  magnification 
of  8X  to  50X.  The  lamina  is  illuminated  with  light  from  a  fluorescent  lamp  impinged  at 
90  degrees  to  the  fiber  direction  for  examination  for  fiber  fractures.  Under  this 
illumination,  the  gold  residue  on  the  deplied  surface  is  not  visible.  A  high  intensity 
light  source  impinging  the  lamina  surface  parallel  to  the  fa  or  direction  is  used  to 
locate  delaminations  and  matrix  cracks.  Under  thie  illumination,  the  gold  residue  is 
visible  and  can  be  distinguished  from  the  fibers  and  reBin  residue. 


Fig.  1.  Network  porosity  between  adjacent  laminas  in  graphite-epoxy 
laminate  (Courtesy  of  S.  M.  Freeman) . 


Typical  results  obtained  by  the  duplying  method  are  shown  in  Figs.  1  to  3.  Figure 
1  shows  a  magnified  view  of  network  porosity  between  two  adjacent  laminas  in  a  graphite- 
epoxy  laminate.  The  network  porosity  haB  the  appearance  of  interconnected  dark  bands 
running  in  and  perpendicular  to  the  fiber  direction.  The  fibers  appear  aa  fine  light 
lines.  Residual  resin  appears  as  dark  gray  regions  (see  the  lower  left-hand  side  of  the 
figure).  Figures  2  and  3  show  typical  damage  in  a  24  ply  (±45/0/90/+45/0/90/±45/0/90) B 
member  of  a  graphite-epoxy  mechanical  joint  loaded  to  87.79  of  itB  ultimate  strength. 
Figures  2  and  3  show  the  damage  indications  on  the  10th  (-45  degree)  and  11th  (0  degree) 
lamina  from  the  top  surface,  respectively.  Illumination  for  observing  fiber  fractures 
and  delaminations  was  used  in  making  the  left  and  right-hand  photographs,  respectively. 
As  can  be  seen  from  the  left-hand  views  in  Figs.  2  and  3,  extensive  fiber  fracturing  has 
occurred.  The  fiber  fractures  in  the  0  degree  lamina  appear  bb  jagged  lines  running  in 
the  -45  and  90  degree  directions.  Similarly,  the  fiber  fractures  in  the  -45  degree 
lamina  run  in  the  45  degree  direction.  This  implies  that  matrix  cracking  and  delaiuina- 
tion  was  a  factor  in  causing  the  compressive  failure  of  the  fibers.  As  can  be  seen  from 
the  right-hand  views  in  the  figures,  considerable  delamination  haB  occurred  between  the 
45  and  -45,  and  -45  and  0  degree  laminas.  The  delaminations  appear  as  light  colored 
patterns  in  the  figures.  They  are  bounded  by  fiber  fractures  and  matri x  cracks. 

As  can  be  seen  from  these  examples,  deplying  provides  extremely  detailed  informa¬ 
tion  on  the  nature  of  damage  in  resin-matrix  composite  materials.  By  careful  probing 
and  scanning  electron  microscope  examination  of  the  deplied  laminas,  detailed  documenta¬ 
tion  of  the  number  of  broken  fibers  and  the  spatial  distribution  of  fiber  breaks  can  be 
obtained.  This  information  cannot  be  easily  obtained  by  any  other  method. 
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DEPLY  -  DELAMINATIONS  (GOLD) 


Fig.  3.  Deplied  0  lamina  in  !±45/0/90/T45/0/90/i45/0/90) s  graphite-epoxy 
laminate  (Courtesy  of  S.  M.  Freeman). 


3.  NONDESTRUCTIVE  EVALUATION  HEgHQPfi 

A  large  number  of  nondestructive  evaluation  methods  have  been  used  to  document 
manufacturing  defects  and  the  damage  accumulation  process  in  resin-matrix  composite 
materials.  The  methods  have  different  limitations  and  detail  resolution  capabilities. 
Thev  are  reviewed  herein  from  the  viewpoint  of  a  researcher  interested  in  obtaining 
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materials. 

3.1  Conventional  and  Stereo  X-Pav  Radiography 

Conventional  and  stereo  radiography  are  well  established  x-ray  inspection  proce¬ 
dures,  described  in  reference  books  (Refs.  7-9).  Since  the  procedure  for  making  conven¬ 
tional  radiographs  is  used  in  making  stereo  radiographs,  it  will  not  be  dwelt  on  sepa¬ 
rately.  The  standard  stereo  radiography  procedure  consists  of  making  two  x-ray  radio¬ 
graphs  of  an  object  from  Blightly  different  oriuntations.  This  can  be  done  by  trans¬ 
lating  the  x-ray  source  relative  to  the  object/f'ilm  combination  by  moving  either  the  x- 
ray  source  or  tha  film  and  object.  In  either  case,  the  amount  of  permissible  trans¬ 
lation  is  limited  by  the  characteristics  of  the  cone  of  x-rays  emanating  from  the  x-ray 
tube.  To  overcome  this  limitation,  we  have  used  a  different  procedure  (Ref.  10). 
Instead  of  translating  the  object/film  combination  relative  to  the  x-ray  source,  we 
rotate  it  through  a  small  angle.  Tills  has  the  advantage  of  keeping  the  object/film 
combination  centered  within  the  cone  of  x-rayB  emanating  from  the  x-ray  source.  The 
fixture  that  we  designed  for  this  purpose  is  described  in  Ref.  10. 

The  procedure  for  making  radiographs  of  defects  and  damage  in  resin-matrix  com- 
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posite  materials  differs  from  the  conventional  ones  in  that  an  x-ray  opaque  penetrant  is 
used  to  bung  out  details  of  the  damage.  The  penetrant  is  necessary  to  provide  suffi¬ 
cient  contrast  between  the  damage  and  the  composite  so  that  the  damage  can  be  observed. 
Various  penetrants  have  been  developed  and  used  for  this  purpose.  Tetrabromoethane 
(TBE)  was  the  first  penetrant  to  be  successfully  used  (Refs.  11-11).  Since  it  is  a 
carcinogen,  extreme  care  must  be  taken  when  using  it.  A  penetrant  that  was  developed  to 
replace  it  is  diiodobutane  (DIB).  It  is  safer  to  use  than  TBE,  but  it  is  still  danger¬ 
ous  because  it  is  an  organic  halide  (Refs.  14-lb).  The  best  penetrunt  is  zinc  iodide  in 
an  alcohol  solution  (Refs,  14-15).  This  penetrant  is  safe  to  use  and  no  special  precau¬ 
tions  must  be  taken.  The  formulation  of  the  zinc  iodide  solution  is: 

Zinc  iodide  (Znl2)  -  £0  gramB 

Water  (H20)  -  10  milliliters 

Isopropyl  alcohol  (CHjCHOHCH-j)  -  10  milliliters 

Kodak  “Photo  Flo  600"  (as  a  wetting  agent)  -  1  milliliter. 

The  selected  penetrant  is  applied  to  the  surfaces  of  the  specimen  for  a  sufficiently 
long  time  (approximately  30  minutes!  for  it  to  penetrate  into  all  of  the  damage.  After 
it  has  completely  saturated  the  specimen,  excess  penetrant  is  removed  from  the  surfaces 
with  absorbent  towels.  The  specimen  is  then  placed  on  a  sheet  of  x-ray  film  (making 
sure  that  it  is  intimate  contact  with  the  film)  and  the  speci men/f il m  combination  is 
positioned  under  the  x-ray  source.  The  film  is  exposed  with  the  specimen  in  one  posi¬ 
tion  relative  to  the  x-ray  Bource.  The  film  is  removed.  A  new  sheet  of  film  is  used  to 
make  another  exposure  with  the  speciman/f ilm  combination  rotated  through  a  small  angle 
(approximately  15  degrees)  relative  to  the  x-ray  source. 

Various  x-ray  films  can  be  used.  Our  experience  has  been  that  a  high  resolution, 
single-coat  x-ray  film  )  ike  Kodak  Type  R  single-coat  industrial  x-ray  film  gives  best 
results.  Double-coat  films  that  require  shorter  exposure  times  are  not  satisfactory 
because  the  x-ray  images  on  the  two  emulsions  are  ulightly  displaced,  resulting  in  a 
double  image  on  the  film.  This  leads  to  loss  of  resolution  in  the  stereo  image  con¬ 
structed  from  the  stereo  pairs. 

Similarly  various  x-ray  units  can  be  used,  but  x-ray  units  emitting  soft  x-rays 
give  the  best  results.  The  recommended  unit  1b  one  that  has  a  Bmall  focal  spot  and  can 
be  operated  at  voltages  between  15  and  25  kV  and  high  currents.  The  low  operating 
voltage  produces  soft  x-rays  that  provide  resolution  of  structural  details  in  the  lami¬ 
nate,  such  as  porosity  and  fiber  spacing  irregularities.  ThiB  increases  the  amount  of 
information  contained  in  the  x-ray  negatives. 

The  optimum  exposure  timuu  are  those  that  give  a  negative  from  which  high  magnifi¬ 
cation  prints  can  be  made.  These  are  Bhorter  than  the  exposure  tiaes  used  in  making 
normal  x-ray  negatives  intended  for  dir<  't  viewing.  Once  the  stereo  x-ray  negatives  are 
made,  high  magnification  prints  are  »  de  and  these  are  viewed  using  one  of  eeveral 
possible  viewing  arrangements  (Ref.  10) 

A  typical  sequence  of  penetrant  enhanced  stereo  x-ray  photographs  of  fatigue  load¬ 
ing  induced  damage  in  a  25.4  mm  wide  (0/±45/90)s2  graphite-epoxy  specimen  containing  a 
4.75  mm  diameter  hole  is  shown  in  figs.  4  through  12.  The  specimen  was  alternately 
subjected  to  cyclic  loading  and  NDE.  The  loading  consisted  of  an  Initial  static  tensile 
loading  to  13.3  kN  followed  by  successive  blocks  of  constant  amplitude  fatigue  loading 
at  5  Uz  using  a  sinusoidal  waveform.  The  maximum  and  minimum  cyclic  loads  were  13.3  and 
1.33  kN,  respectively. 

The  figures  show  artifacts  that  can  be  interpreted  as  damage.  The  interpretation 
of  these  artifacts  as  particular  types  of  damage  requires  understanding  how  the  pene¬ 
trant  affects  the  x-ray  beam  and  how  it  enters  the  damaged  specimen.  The  penetrant 
absorbs  x-rays  preventing  them  from  reaching  and  exposing  the  film.  Thus,  regions 
containing  penetrant  appear  darker  in  the  photographs  than  regions  containing  no  pene¬ 
trant.  Regions  containing  no  penetrant  have  a  uniform  grayness  level  that  dopends  on 
the  x-ray  absorption  characteristics  of  file  composite  specimen  being  examinee.  The  hole 
appears  as  a  clear  white  region  in  the  photographs  since  all  x-rays  reach  the  film.  The 
regions  containing  penetrant  range  from  the  background  gray  to  black  depending  on  the 
amount  of  penetrant  present. 

The  penetrant  can  enter  the  damaged  specimen  by  being  absorbed  into  the  resin  and 
by  capillary  action  (penetration)  into  the  regions  of  damage.  The  absorbed  penetrant, 
entering  the  matrix  by  diffusion,  causes  a  slight  change  in  the  background  density  of 
the  image.  The  penetrant  entering  the  specimen  by  capillary  action  causes  large  changes 
in  grayness  of  the  negative.  The  change  in  density  of  the  negative  depends  on  the 
amount  of  penetrant  inside  the  damaged  regions,  which  in  turn  depends  on  the  "thickness" 
of  the  damage.  The  thicker  the  damage,  the  darker  it  appears  in  the  photographs.  With 
chese  preliminaries  out  of  the  way,  the  artifacts  in  the  figures  can  be  interpreted. 
Matrix  cracks  are  narrow  and  long  in  the  plane  of  the  specimen  and  relatively  thick  in 
the  depthwise  direction.  Their  thickness  corresponds  to  the  thickness  of  the  lamina. 
Hence,  if  penetrant  gets  into  the  matrix  cracks,  they  appear  as  long  narrow  dark  linos 
in  the  photographs.  As  can  be  seen  from  Fig.  4,  matrix  cracks  running  in  all  four 
reinforcement  directions  have  been  induced  during  the  machining  of  the  hole.  Similarly, 
fiber  fractures  appear  as  jagged  short  lines. 
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Fig.  4.  Penetrant  enhanced  stereo  x-ray  radiographs  of  specimen, 
showing  initial  machining  damage. 

The  interpretation  of  artifacts  corresponding  to  delaminations  is  somewhat  more 
difficult.  The  delaminations  are  only  slightly  open  when  the  specimen  is  unloaded.  The 
magnitude  of  the  opening  or  thickness  of  the  uelawinations  varies  from  almost  impercep¬ 
tible  at  the  maximum  extent  of  the  delamination  to  relatively  large  inside  and  at  the 
free  edges.  The  thickness  of  the  penetrant  Inside  the  delaminations  might  be  expected 
to  correspond  to  the  thickness  of  the  delauination.  While  this  is  true  at  the  edges  of 
the  delamination,  the  situation  in  the  interior  is  different.  The  capillary  forces 
acting  on  the  penetrant  are  not  high  enough  to  retain  the  penetrant  inside  the  delamina¬ 
tion  when  the  delamination  thickness  is  large.  As  a  result,  the  penetrant  escapes  from 
the  regions  of  large  delamination  opening.  The  boundary  batwean  the  region  in  the 
delamination  containing  penetrant  and  no  penetrant  corresponds  to  the  meniscus  formed  by 
the  penetrant.  Thus,  delaminations  appear  in  the  photographs  as  broad  bands  of  con¬ 
tinuously  varying  grayness  surrounding  lighter  gray  regions.  The  interior  regions  of 
the  delaminations  may  be  lighter  in  color  than  the  background. 

Ab  can  be  seen  from  Fig.  4,  the  hole  drilling  process  has  caused  extensive  damage 
consisting  of  matrix  cracks,  fibar  bundle  fractures,  and  dalaminaticns.  The  matrix 
cracks  emanate  from  the  hole  and  run  in  the  directions  of  the  rainforcing  fibers.  While 
most  of  the  cracks  run  in  the  0  and  -45  degrsa  directions,  some  matrix  cracks  are 
present  in  the  45  and  90  degree  lamina.  In  particular,  the  group  of  short  SO  dagrss 
matrix  cracks  naar  the  lower  right  edge  of  the  hole  terminate  in  a  jagged  line  that 


Penetrant  enhanced  stereo  x-ray  radiograph  of  specimen  after 
application  of  13,3  kN  tensile  load. 


*JXrS-& 


»3C 


Fig.  8.  Penetrant  enhanced  stereo  x-ray  radiograph  of  specimen  after 
150000  cycles  of  fatigue  loading. 

location  of  the  matrix  cracks.  The  matrix  cracks  with  the  largest  relative  displacement 
in  the  views  are  nearest  to  the  top  surface  of  the  specimen,  while  those  with  an  inter¬ 
mediate  relative  displacement  are  in  the  subsurface  laminae. 

The  delaminations  around  the  hole  occur  at  different  depths.  This  can  be  inferred 
from  the  delamination  boundaries  inside  and  crossing  other  delamination  boundaries. 
Some  information  on  the  depth  location  of  the  delamination  can  be  inferred  from  the 
matrix  cracks  inside  and  at  the  delamination  boundaries  without  stereo  reconstruction  of 
the  stereo  pair  photographs.  The  depth  location  of  the  delaminations  can  be  determined 
positively  from  the  stereo  pains.  Thus,  the  delamination  indicated  by  the  letter  A  in 
Fig.  4  is  between  the  bottom  0  degree  lamina  and  the  adjacent  -45  degree  lamina.  Simi¬ 
larly,  the  delamination  indicated  by  the  letter  B  is  between  the  -45  and  45  degree 
laminas  closest  to  the  bottom  surface  of  the  specimen.  Based  on  these  considerations, 
the  initial  machining  damage  consists  of 

(a)  An  extensive  pattern  of  delamina tions  near  the  back  surface  of  the  specimen. 
The  delaminations  occur  between  various  laminas.  They  may  be  due  to  the  use  of  an 
Improper  feed  rate  during  the  drilling  procesB. 
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Fig.  9.  Penetrant  enhanced  stereo  x-ray  radiograph  of  specimen 
after  200000  cycles  of  fatigue  loading. 


Fig.  x0.  Penetrant  enhanced  stereo  x-ray  radiograph  of  specimen 
after  250000  cycles  of  fatigue  loading. 


(b)  Fiber  bundle  fractures  in  the  90  degree  laminae  nearest  to  the  bottom  surface 
of  the  specimen  have  been  caused  by  the  drilling  process.  These  can  be  seen  near  the 
lower  right  edge  of  the  hole. 

(c)  Extensive  matrix  cracking  in  the  laminae  near  the  bottom  surface  of  the 
specimen  is  present.  Again,  this  matrix  cracking  has  been  caused  by  the  drilling 
process. 

As  can  be  seen  from  Fig.  5,  the  static  load  has  caused  extensive  matrix  craking  in 
the  90  and  45  degree  laminae.  Most  of  the  matrix  cracks  in  the  90  degree  laminas  have 
originated  at  the  hole  and  propagated  towards  the  edges  of  the  specimen.  This  can  be 
inferred  from  the  horizontal  dark  lines  emanating  from  the  hole  that  do  not  reach  the 
edges  of  the  specimen.  There  are  also  some  90  degree  cracks  that  started  at  the  speci¬ 
men  edges  and  terminated  in  the  interior  of  the  specimen.  A  number  of  these  cracks  can 
be  seen  to  the  left  of  the  hole.  Finally,  a  90  degree  matrix  crack  that  does  not 
terminate  at  the  hole  or  the  edge  of  the  specimen  can  be  seen  above  and  to  the  right  of 
the  hole.  The  matrix  cracks  in  the  45  degree  laminas  are  associated  with  those  in  the 


Fig.  12.  Penetrant  enhanced  xtereo  x-ray  radiograph  of  opecimen 
after  500000  cycles  of  fatigue  loading. 


As  can  be  Been  from  Fig.  6,  application  of  50,000  cycles  of  fatigue  loading  has 
caused  extensive  damage  growth.  The  specimen  is  criss-crossed  by  a  pattern  of  matrix 
cracks  in  the  90,  -45,  and  45  degree  laminae.  Matrix  cracks  in  the  0  degree  laminas  and 
delamina tions  near  the  hole  have  extended.  The  matrix  cracks  occur  in  all  of  the 
laminas.  Note  that  the  damage  artifacts  are  washed  out  In  the  lower  portion  of  the 
figure.  This  is  due  to  improper  preparation  of  the  specimen  for  radiography. 

As  can  be  seen  from  Figs.  7  through  12f  the  additional  cyclic  loading  causes  little 
change  in  the  extent  of  the  matrix  cracking.  It  causes  the  delamina  tions  to  grow  and 
become  progressively  more  severe.  Also,  the  extent  of  the  matrix  cracking  in  the  0 
degree  laminas  increases.  Fiber  bundle  fractures  start  occurring.  Some  of  them  can  be 
seen  in  the  45  degree  laminas  in  Fig.  12.  Note  that  the  specimen  is  not  even  close  to 
failure  at  500,00  cycles  of  fatigue  loading. 

Finally,  Fig.  13  shows  a  conventional  penetrant  enhanced  x-ray  photograph  of  the 
specimen  that  was  deplied  to  make  Figs.  2  and  3.  As  can  be  seen  from  this  figure,  the 
specimen  contains  extensive  matrix  cracking,  delaminations,  and  fiber  bundle  fractures. 
By  comparing  Pig.  13  with  Figs.  2  and  3,  we  can  see  how  to  interpret  the  damage  indica¬ 
tions  in  th<  x-ray  photograph.  Thus,  jagged  lines  in  x-ray  photographs  correspond  to 
fiber  fractures. 


Pig,  13,  Penetrant  enhanced  x-ray  radiograph  of  damage  in 
(±45/0/90/+45/0/9C/±45/0/90)e  graphite-epoxy 
laminate  (Courtesy  of  S.  M.  Freeman) . 


3.2  dialogs  aphic  latgiffiiometry  and  Laser  Speckle  Photography 

Holographic  interferometry  (Refs.  16-24)  and  laser  speckle  photography  (Refs.  25- 
29)  are  two  complementary  techniques  that  can  be  used  as  NDE  tools  for  conventional  and 
resin-matrix  composite  materials.  In  both  techniques,  the  object  being  irspected  for 
defects  or  damage  is  illuminated  with  laser  (coherent  and  monochromatic)  light.  When 
viewed  under  loser  light,  the  object  appears  grainy  or  speckled.  The  speckle  is  due  to 
random  interference  within  the  resolution  limit  of  the  eye  or  photographic  system  used 
to  record  ar.  image  of  the  object. 

Holographic  interferometry  involves  making  a  hologram  (a  holographic  recording)  of 
the  object  being  inspected.  Since  references  16-17  contain  an  excellent  description  of 
how  holograms  are  made,  this  topic  will  not  be  treated  here.  It  suffices  to  say  that 
holography  is  a  technique  by  which  the  image  of  a  three  dimensional  object  can  be  stored 
and  retrieved  from  a  two  dimensional  phocographic  emulsion.  A  standard  off-axis  holo¬ 
graphic  setup  is  shown  in  Fig.  14.  It  consists  of  a  laser,  a  beam  splitter  to  split  the 
laser  light  into  reference  and  object  beams,  mirrorB  to  reflect  the  laser  beamB,  beam 
expanders  to  broaden  the  b'-.ams,  object  being  recorder,  a  photographic  plate  to  record 
the  image  of  the  object,  and  an  optional  optical  imaging  lens.  The  imaging  lens  is  not 
used  when  making  conventional  holograms  and  is  only  required  if  the  UBer  wants  an  "image 
plane  hologram". 

The  hologram  is  such  an  accurate  recording  that  if  two  e  iures  are  made  on  one 
emulsion  with  a  slight  distortion  applied  to  the  body  being  rec» between  the  expo¬ 
sures,  the  reconstructed  light  waves  enamating  from  each  of  the  recorded  states  inter¬ 
fere  and  prod'-ce  a  beat  frequency  pattern  called  interferometric  fringes.  These  fringes 
are  like  lines  of  elevation  on  a  contour  map  in  that  each  fringe  represents  the  locus  of 
points  on  the  surface  of  the  object  that  have  been  displaced  in  the  normal  direction  by 
a  multiple  of  one-half  the  wavelength  of  the  light  used  to  record  the  hologram.  For  a 
Helium  Neon  laser,  this  amounts  to  about  0.32  ;im  per  fringe.  For  NDE  purposes  one  is 
interested  in  finding  anomalies  (or  abrupt  changes)  in  the  fringe  pattern  and  not  in 
actually  measuring  the  precise  displacements  everywhere  on  the  object.  If  the  specimen 
being  examined  is  free  from  defects  or  damage,  the  fringe  pattern  will  be  smooth  with 
uniform  variations.  This  is  illustrated  in  Fig.  15,  which  shows  the  fringe  pattern 
caused  by  an  axial  compressive  load  on  a  fiberglass  cylinder  with  a  rectangular  cutout. 
The  fringe  pattern  is  smooth  with  uniform  variations  everywhere,  except  in  the  region  to 
the  left  of  the  cutout*  In  this  region,  the  fringe  pattern  exhibits  anomalies  caused  by 
surface  cracks  induced  during  fabrication.  The  anomalies  are  of  two  types,  namely, 
cusps  in  the  fringes  and  l*ck  of  uniformity  in  the  variation  of  the  spacing  between  the 
fringes.  The  former  type  of  anomaly  occurs  just  above  the  lower  left-hand  corner  and 
approximately  two-thirds  of  the  way  up  the  left-hand  side  of  the  cutout,  while  the 
latter  type  occurs  near  the  upper  left-hand  corner  of  the  cutout. 

A  number  of  methods,  each  of  which  may  produce  the  beet  fringe  pattern  for  detect¬ 
ing  a  given  defect  in  a  given  material,  are  available  for  inducing  a  change  in  the 
surface  of  the  specimen  between  exposures.  Depending  upon  the  specimen  being  examined, 
these  include  mechanical,  thermal,  and  acoustic  loading.  It  is  difficult  to  give  a 
specific  set  of  guidelines  as  to  which  technique  will  work  best  for  a  given  specimen. 
However,  some  general  guidelines  are  possible.  One  must  always  keep  in  mind  that  the 
qoal  of  the  loading  is  to  produce  a  localized  displacement  normal  to  the  surface  being 
inspected.  Thus,  the  therraoraechanical  properties  of  the  specimen  and  the  type  and 
location  of  the  defect  being  sought  must  be  considered  in  choosing  the  loading  tech¬ 
nique.  For  example,  a  small  crack  in  a  metallic  sheet  is  very  difficult  to  find  except 
by  stretching  or  bending  the  sheet  and  looking  for  differences  in  displacement  across 
the  crack  faces.  Thermal  loading  would  produce  practically  no  displacement  anomaly 
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Pig.  14,  Schematic  diagram  showing  standard  off-axis  holographic  setup. 


Pig.  15.  Axial  compressive  loading  induced  holographic  fringe  pattern 
showing  anomalies  caused  by  manufacturing  induced  surface 
crackB  in  a  fiberglass  cylinder  with  a  rectangular  cutout. 


since  heat  flows  easily  around  the  crack.  In  the  case  of  honeycomb  sandwich  struc'.ures 
which  are  perhaps  the  easiest  to  inspect,  thermal  stressing  works  well  since  the  cell 
walls  xeBtrain  the  surface  except  where  debonds  occur  allowing  relatively  large  local¬ 
ized  displacements  of  the  face  sheet  to  occur. 

Just  as  there  are  many  possible  methods  for  loading  the  specimen,  the  interfer¬ 
ometric  fringe  patterns  can  be  observed  and  recorded  in  a  number  of  ways.  In  addition 


to  the  double  exposure  technique  mentioned  above,  real  time  holography  can  be  used-  In 
real  time  holography,  a  single  exposure  hologram  of  the  specimen  being  examined  is  first 
made.  After  developing  and  drying  the  emulsion,  the  hologram  is  replaced  in  exactly  the 
same  position  that  it  occupied  during  the  exposure.  If  the  hologram  and  specimen  being 
examined  are  simultaneously  illuminated  with  coherent  light  and  viewed  through  the 
hologram,  one  sees  the  actual  and  reconstructed  surface  of  the  specimen  exactly  superim¬ 
posed.  If  the  npecimen  is  loaded  to  disturb  its  surface,  a  fringe  pattern  is  observed 
as  in  the  case  of  the  double  exposure  technique.  This  fringe  pattern  can  be  recorded  by 
photographing  the  specimen  through  the  hologram.  If  the  loading  on  the  specimen  is 
changed,  the  fringe  pattern  moves  and,  hence,  this  technique  can  be  used  to  examine  the 
transient  behavior  of  the  surface  of  the  specimen.  Real  time  holography  is  often  used 
in  conjunction  with  thermal  loading.  In  this  case  a  single  exposure  hologram  of  the 
unheated  specimen  is  made,  developed  and  properly  repositioned.  Then,  the  specimen  is 
heated  and  viewed  through  the  hologram.  By  heating  to  different  temperatures,  any 
desired  fringe  pattern  can  be  recorded. 

As  can  be  seen  from  Fig.  15,  the  holographic  interf erogram  has  a  speckled  appear¬ 
ance.  This  speckle  noise  can  be  eliminated  Ly  using  image-plane  holography.  In  image- 
plane  holography,  a  standard  camera  lens  is  placed  between  the  specimen  and  film  plane 
as  shown  in  Fig.  14  (Ref.  24).  This  arrangement  produces  a  hologram  from  which  the 
image  of  the  specimen  can  be  reconstructed  using  noncoherent  white  light.  The  resulting 
image  is  of  higher  quality  than  the  laser  reconstructed  image  since  it  does  not  contain 
the  speckle  noise  that  results  from  coherent  light  reconstruction. 

A  typical  sequence  of  interferograms  made  from  image-plane  holograms  of  the  speci¬ 
men  used  in  the  stereo  x-ray  photographs  in  Figs.  4  through  12  is  shown  in  Figs.  16  and 
17.  Figures  16  and  17  show  front  and  back  surface  interferograms  of  the  specimen, 
respectively.  As  can  be  seen  from  views  a  in  Figs.  16  and  17,  the  specimen  contains 
fabrication  induced  damage.  The  damage  consist.?  of  a  large  delamination  region  near  the 
back  surface  of  the  specimen  (anomalous  fringes  in  the  vicinity  of  the  hole  in  Fig.  16a) 
and  a  small  delamination  near  the  front  surface  (fringe  anomalies  near  the  hole  in  Fig. 
17a).  No  evidence  of  matrix  cracking  car  be  seen.  Thus,  the  interferograms  do  not 
provide  the  datailed  information  that  can  be  obtained  by  using  radiography  (see  Fig. 
4)  . 


Fig.  16.  Front  surface  interferograms  for  specimen  showing  damage 
present  (a)  initially,  (b)  after  static  load  of  13.3  kN, 
(c)  after  50000  cycles,  and  (d)  after  100000  cycles. 
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Fig.  17.  Back  n^fsae  interf eroqrams  for  specimen  showing  damage 
present  (a)  initially,  (b)  after  static  load  of  13,3  kN, 
(u)  after  50000  cycles,  and  (d)  100000  cycles. 


The  damage  resulting  from  the  static  tensile  load  is  shown  in  views  b  of  Figs.  16 
and  17.  As  can  be  seen  from  a  comparison  of  veiws  a  and  b  in  Figs.  16  and  17,  the 
delaminations  have  not  grown  as  a  result  of  the  tensile  load.  The  damage  resulting  from 
50000  cycles  of  constant  load  amplitude  fatigue  loading  ie  shown  in  views  c  of  the 
figures.  As  can  be  seen  from  these  views,  the  delaininations  grew  considerably  as  a 
result  of  the  cyclic  loading.  The  delamiuation  Indications  in  Figs.  16c  and  17c  are 
distinctly  different  in  appearance  from  each  other.  This  implies  that  different  delami- 
nationa  are  actually  seen  in  the  front  and  back  surface  interf erograms.  The  vertical 
cusps  in  the  anomalous  fringes  near  the  hole  suggest  the  presence  of  surface  lamina 
matrix  cracks.  This  is  confirmed  in  Fig.  6,  which  is  the  corresponding  penetrant 
enhanced  stereo  x-ray  view  of  the  damage.  The  damage  resulting  from  100000  cycles  of 
constant  load  amplitude  fatigue  loading  is  shown  in  views  d  of  Figs.  16  and  17.  As  can 
be  seen  by  comparing  views  c  and  d  in  these  figures,  the  delaminations  have  as  a  result 
of  the  additional  fatigue  loading.  The  delaminations  have  also  caused  matrix  cracks  in 
the  0  degree  laminas  (vertical  lines  in  Fig.  17d!  away  from  the  hole. 

Even  though  image-plane  holography  was  used  to  eliminate  the  speckle  noise  from  the 
interferograms  shown  in  Figs.  16  and  17,  the  speckle  noise  contains  information  about 
the  in-plane  displacements  of  the  body  (Refs.  25-29).  Thus,  the  speckle  noise  can  be 
used  to  obtain  the  ln-plane  displacement  and  strain  fields  of  the  surface  of  the  body. 
This  is  done  by  a  process  called  laser  speckle  photography  to  make  a  specklegram.  The 
specklegram  can  be  made  using  one  of  the  following  techniques: 

(a)  Make  a  double  exposure  photograph  of  the  specimen  illuminated  by  laser  light. 
The  specimen  is  loaded  between  exposures  to  produce  an  in-plane  distortion  of  the 
surface.  The  holography  setup  shown  in  Fig.  14  can  be  used  to  do  this  by  eliminating 
the  reference  beam  and  employing  the  optical  lens  (Ref.  25). 

(b)  Make  a  double  xposure  image-plane  hologram  using  a  reference  beam  with  lower 
intensity  than  the  object  beam.  The  image  may  be  reconstructed  using  a  laser  or  white 
light  reference  beam  (image-plane  holography)  or  the  image  an  be  treated  as  a  conven¬ 
tional  specklegram  (Ref.  26-27). 
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(c)  Make  a  conventional  double  exposure  hologram  of  the  specimen.  Reconstruct  the 
image  of  the  specimen  using  laser  light  and  photograph  thie  image.  The  resulting 
photograph  1b  a  specklegram  (Ref.  28). 

The  in-plane  displacements  are  obtained  from  the  specklegram  by  directing  a  narrow 
collimated  laser  beam  (monochromatic  and  coherent)  through  the  specklegram.  When  this 
is  done,  diffraction  modifies  the  emerging  light  rays  into  a  cone.  This  cone  or  halo  is 
the  result  of  diffraction  from  the  random  distribution  of  speckles.  Since  the  speckles 
are  recorded  in  pairs,  a  parallel  fringe  pattern  (Young's  fringes)  also  occurs  in  the 
halo.  The  Young's  fringes  are  perpendicular  to  the  displacement  vector  and  their  spac¬ 
ing  is  inversely  proportional  to  the  magnitude  of  the  displacement.  This  provides  the 
average  displacement  in  an  area  the  size  of  the  beam  diameter.  By  interrogating  differ¬ 
ent  portions  of  the  specklegram,  the  complete  in-plane  displacement  field  can  be  mapped. 
Since  this  is  tedious,  automated  methods  have  been  developed  for  extracting  the  dis¬ 
placement  information  from  specklegrams  (Ref.  29),  This  technique  can  be  used  to  non¬ 
destructive^  map  the  in-plane  displacement  field  of  a  loaded  specimen  containing  inter¬ 
nal  defects  and  damage,  thereby  providing  information  on  the  location  of  the  defects. 
Moreover,  it  can  be  used  to  perform  experimental  strain  analysis. 

3.3  Ultrasonic  Techniques 

The  parameters  defining  on  ultrasonic  (high  frequency  sound)  beam  are  affected  by 
the  acoustic  properties  of  the  medium  that  the  beam  passes  through.  Any  variation  of 
the  acoustic  properties  of  the  medium  can  produce,  single  or  in  combination,  a  change  in 
the  velocity,  phase,  attenuation  (transmission  amplitude),  reflection  amplitude,  refrac¬ 
tion  angle  and  diffraction  of  the  beam.  These  changes  form  the  basis  of  various  ultra¬ 
sonic  NOE  techniques  (Ref.  30).  Only  the  ultrasonic  through-transmission  and  pulse-echo 
NDE  tecniques  are  be  discussed  herein. 

The  parameters  that  affect  ultrasound  propagation  in  composite  materials  include, 
but  are  not  limited  to,  the  following.  First  and  foremost  ere  the  stiffness  properties 
and  density  of  the  material,  which  determine  the  directions  and  energy  partitioning  of 
the  ultrasonic  beam  within  the  material.  In  fact  it  is  possible  to  analytically  predict 
what  fraction  of  the  energy  is  partitioned  into  each  refracted  wave  type  by  using 
classical  equations  developed  for  wave  propagation  in  single  crystals  (Ref.  31-32). 
Second,  the  microstructure  features  (fiber  volume  fraction,  porosity,  matrix  cracking 
and  delaminations,  ply  orientation,  etc.)  affect  the  ultrasonic  wave  propagation  charac¬ 
teristics.  For  example,  the  change  in  stiffness  with  ply  orientation  results  in  the 
reflection  and  refraction  of  ultrasound  at  each  ply  interface.  Finally,  such  factors  as 
the  condition  of  the  surface,  the  frequency  and  type  of  incident  acoustic  wave  affect 
the  propagation  of  ultrasound  in  the  composite  material. 

Classical  ultrasonic  inspection  of  homogeneous  isotropic  materials  is  a  process 
that  requires  care  and  precision  if  errorB  in  the  assessment  of  the  ultrasonic  data  are 
to  be  avoided.  The  aforementioned  complexities  can  further  complicate  the  situation, 
but  accurate  estimates  of  composite  microstructure  can  be  obtained  with  sufficient  care. 
In  fact  many  of  the  affects  that  would  at  first  seem  to  complicate  the  inspection 
process  can  be  used  to  extract  valuable  information  about  the  mlcrostructure  as  will  be 
shown  later. 

There  arp  two  methods  , through-transmission  and  pulse-echo,  for  obtaining  ultra¬ 
sound  propagation  data  from  composite  materials  and  structures.  In  the  through-trans¬ 
mission  method,  an  ultrasonic  transducer  on  one  side  of  the  material  emits  an  acoutic 
pulse  which  travelB  through  the  material  and  is  received  by  a  neeond  transducer  located 
on  the  other  side  of  the  specimen.  It  is  common  practice  for  the  two  transducers  to  be 
coaxially  aligned  bo  that  their  common  axis  is  perpendicular  to  the  surface  of  the 
specimen.  With  this  arrangement,  the  amount  of  energy  that  is  transmitted  through  the 
material  can  be  easily  monitored  as  a  function  of  position.  Regions  of  greater  than 
average  attenuation  of  the  ultrasound  pulse  indicate  the  presence  of  microstructural 
features  that  enhance  the  scattering  of  acoustic  energy.  These  features  can  be  detected 
and  mapped.  It  has  been  shown  that  the  amount  of  porosity,  moisture,  and  other  distrib¬ 
uted  properties  of  the  specimen  can  be  easily  detected.  The  quality  of  the  specimen  can 
be  inferred  using  the  through-tranBraiBsion  method  provided  the  effect  of  all  pertinent 
parameters  can  be  properly  taken  into  account  (Ref s. 33-34) .  Unfortunately,  this  method 
is  not  sensitive  to  the  presence  of  subtle  flaws  such  as  the  presence  of  peel  pliss  and 
doeB  not  provide  any  information  on  the  depth  of  the  defects  that  are  detected. 

In  the  through-transmission  ultrasonic  NDE  method,  ultrasound  is  passed  through  the 
specimen  and  the  attenuation  is  monitored.  The  attenuation  resultB  from  three  sources, 
namely,  viscoelastic  effects  in  the  resin  matrix,  geometric  dispersion  due  to  the  heter¬ 
ogeneity  of  the  composite  laminate,  and  geometric  disperuion  due  to  internal  damage  such 
as  delaminations  and  matrix  cracks.  By  proper  selection  of  the  sound  wave  frequency, 
the  attenuation  due  to  delaminations  and  cracks  can  be  maximized,  while  that  due  to 
material  heterogeniety  and  viscoelactic  effects  minimized.  The  damage  is  recorded  on  a 
C-scan.  The  C-scan  is  a  series  of  equally  spaced  traverses  of  the  ultrasonic  trans¬ 
ducers  across  the  specimen.  With  the  ultrasonic  instrument  set  to  produce  a  dark  print 
on  the  recorder  paper  only  when  sound  passes  freely  through  the  specimen,  attenuation 
due  to  damage  cauBes  a  white  region  within  the  normally  dark  image  of  the  specimen  on 
the  recording.  The  result  is  a  full-scan  plan-view  recording  of  the  specimen  showing 
the  planar  extent  of  the  internal  damage.  No  information  on  the  through-the-thickness 
distribution  of  the  damage  is  obtained. 
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Fig.  18.  Sequence  of  C-scan  records  showing  fatigue  induced  delamination  growth 
in  I (0/±45/90) g] 2  graphite-epoxy  specimen  with  circular  hole. 


The  specimen  is  immersed  in  water  to  provide  a  uniform  coupling  medium  to  transmit 
the  sound  waves  between  the  transducers  and  the  specimen.  If  the  damage  regions  extent 
to  the  specimen  boundaries,  water  can  easily  penetrate  into  the  damage  regions.  Since 
the  attenuation  of  sound  travelling  through  an  interface  between  two  material!  varies  as 
the  ratio  of  the  acoustic  impedances  of  the  materials  and  tha  watar/composite  impedance 
ratio  is  much  smaller  than  the  air/compoaite  ratio,  water  in  tha  damage  regiona  is 
detrimental  to  ultrasonic  detection  of  daaagt.  Hence,  special  precautions  are  required. 
Normally,  the  specimen  edges  ere  sealed  with  adheeive  tape  to  inhibit  entry  of  water 
into  the  demage  regions.  Sven  with  this  prcaution,  water  cen  penetrate  into  the  damage 
if  it  is  severe  enough.  If  this  occurs,  the  C-scans  give  distorted  indications  of  the 
damage  in  that  the  C-scans  show  smaller  damage  regions  then  are  actually  present.  In 
fact,  the  damage  zones  can  be  seen  to  decreese  in  size  as  succaasive  C-acans  are  made. 
An  example  of  thiH  phenomenon  is  shown  in  Fig.  18,  which  shows  a  asquance  of  C-scans  of 
a  2.54  cm  wide  [  (0/t45/90)  s]  7  graphite-epoxy  specimen  with  a  0.475  cm  diameter  hole 
(Ref.  24).  As  can  be  seen  from  the  figure,  the  C-scan  after  50337  cycles  shows  a 
smaller  damage  region  than  the  C-scan  after  46087  cycles. 

In  the  pulse-echo  ultrasnic  NDF.  method,  a  single  transducer  both  sends  and  receives 
the  acoustic  pule  from  one  side  of  the  specimen  after  being  reflected  from  the  opposite 
face.  Since  the  full  dynamic  range  of  the  receiver  is  available  to  amplify  any  hack- 
scattered  acoustic  energy,  this  technique  can  be  made  quite  sensitive  to  subtle  defects, 
such  as  a  peel  ply.  In  addition  the  reflections  from  the  front  and  back  surfaces 
provide  natural  time  markers  that  can  be  used  to  determine  the  depth  location  of  the 
scatterer.  The  principle  disadvantages  of  the  method  are  that  a  flaw  which  is  just 
below  the  front  or  just  above  the  back  surface  can  be  eaaily  masked  by  tha  reflections 
from  the  front  and  back  surfaces.  This  means  that  flaws  nssr  the  specimen  surfaces  can 
be  easily  missed.  Moreover,  it  is  necessary  to  record  the  returned  echo  trace  and  to 
section  It  at  various  periods  of  time  representing  various  depths  in  the  material  at 
each  point  in  the  scan  of  the  specimen  in  order  to  have  an  unambiguous  presentation  of 
the  internal  flaws.  This  is  particularly  important  in  situations  where  sevoral  small 
delaminations  or  voids  on  different  levels  can  appear  as  one  largo  one.  This  type  of 
inspection  is  usually  performed  either  in  a  watar  bath  or  by  using  columns  of  water 
sprayed  onto  the  surface  of  the  specimen.  The  water  serves  both  as  a  couplant  and  delay 
line  for  the  ultrasonic  signals.  Information  is  generally  presented  in  a  C-acan  format 
in  which  the  signal  levels  at  each  point  and  time  or  depth  is  printed  or  diplayed  as  tha 
transducer  is  traversed  across  ths  specimen.  Various  attempts  have  been  made  to  corre¬ 
late  the  signal  levels  with  specific  internal  flaws,  but  unambiguous  corrlationa  have 
not  bean  poasible  because  of  the  large  number  of  variable  that  affect  tha  signal  and 
over  which  the  inspector  has  little  or  no  control  (Ref.  34). 

When  pulses  of  very  short  duration  (shock  waves)  are  used,  considerably  mors  infor¬ 
mation  can  be  recorded.  The  reflected  pulses  can  be  recorded  on  a  CRT  to  give  an  A- 
scan.  By  comparing  the  reflected  pulses  from  a  region  containing  damage  to  those  from 
an  undamaged  region,  information  on  the  depth  location  of  the  damage  can  be  obtained. 
By  traversing  the  transducer  across  the  specimen  and  proper  setting  of  the  instruaent,  a 
B-scan  can  be  made.  The  B-scan  is  s  record  of  the  depth  location  of  damage  on  a  line 
across  the  specimen.  By  combining  a  aeries  of  B-scans,  a  complete  picture  of  the  damage 
can  be  obtained.  An  example  of  a  B  scan  is  shown  in  Fig.  19,  which  shows  the  damage  in 
a  quasi-isotropic  graphite-epoxy  specimen  after  500000  cycles  of  fully  reversed  fatigue 
loading.  The  upper  view  in  the  figure  is  a  conventional  C-scan  of  the  damage.  The 
lower  views  are  B-acans  showing  ths  depth  distribution  of  tha  damage  indications  on  the 
three  numbered  cuts  through  tha  damage  shown  on  ths  C-scan.  Aa  can  be  seen  from  this 
example,  the  puloe-echo  ultrasonic  NDE  technique  provides  much  mors  information  than  the 
through-transmiasion  technique.  Even  so,  no  information  on  multiple  delawinatlons  and 
transverse  matriu  cracking  is  provided. 
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Fig.  19. 


C-  and  U-scans  of  32-ply  quasi-laotropic  qraphits-apoxy  specimen 
with  circular  hula  aftar  500000  cyclaa  of  fully  ravaraad  loading 
(Raf .  35) . 


Until  recently,  it  was  only  poaaible  to  unambiguously  detect  and  image  dslamina- 
tiona.  However,  It  has  been  demonstrated  recently  that  it  ia  poaaible  to  uee  an  off- 
axis  Incidence  pulae-echo  technique  to  detect  and  image  matrix  cracka  (Refa.  36-37). 
The  technique,  described  in  Kefa.  36  and  37,  can  image  matrix  cracks  in  a  aingle  ply. 
It  haathe  disadvantage  that  each  ply  must  be  scanned  at  a  specific  angle  of  incidence. 


3.4  Thermography 


Since  defects  and  damage  can  perturb  heat  flow  in  a  resin-matrix  composite  mate¬ 
rial,  mapping  of  isotherms  (contours  of  equal  temperature)  on  the  surface  of  the  mate¬ 
rial  can  be  used  as  a  Nut  method  for  locating  flaws  and  damage.  In  conventional  thermo¬ 
graphy  (isotherm  mapping),  heat  flow  la  set-up  in  the  material  and  tha  Isotherms  are 
mapped.  Thie  can  be  done  by  using  photochromatic  coatings  that  change  color  with 
temperature  or  Infrared  photography.  Since  the  defects  affact  the  heat  flow,  anomalies 
in  the  isotherms  occur.  Thess  anomalies  can  be  used  to  locate  defects. 


An  alternate  technique  that  has  gained  acceptance  is  called  vibrothermography 
(Refs.  38-39).  It  consists  of  monitoring  the  isotherms  generated  by  hystheresia  heating 
of  the  specimen  during  cyclic  loading,  The  isotherm  pattern  depends  on  the  internal 
damage  and,  hence,  It  provides  information  that  can  be  used  to  infer  tha  location  of  the 
damage.  Moreover,  tha  isotherms  provide  information  on  tha  temperature  of  the  specimen, 
which  is  required  for  proper  modeling  of  the  fatigue  failure  process.  Since  Ref.  38 
presents  an  excellent  discussion  of  vibrothermography  and  various  examples,  l  will  not 
go  into  details  harein. 


3.5  Edge  Replication 


Edge  replication  has  baen  proposed  recently  as  an  accurate  technique  for  docu¬ 
menting  the  state  of  damage  in  narrow  raein-matrix  compoaite  specimens  (Raf a.  40-41). 
It  is  a  direct  application  to  compoaite  materials  of  tha  replication  technique  used  in 
microscopy  for  duplicating  small  surfacs  arsaa  that  are  not  suitable  for  direct  observa¬ 
tion. 


Tha  edga  replica  is  made  by  sof  taning  ont  fact  of  a  strip  of  celluloss  acetate  cape 
with  acetone  and  pressing  the  tape  against  ths  sdge  of  tha  specimen.  After  tha  aoftansd 
tape  hardens,  it  is  carefully  removed  and  mounted  for  easa  of  handling.  The  edga 
replica  can  be  examined  in  a  microscope  or  uaed  as  a  negative  to  make  enlarged  photo¬ 
graphs,  Normally  the  specimen,  tha  edge  of  which  ia  being  replicated,  is  loaded  to  a 
low  load  to  open  up  all  the  edge  cracks. 


A 


Fig.  20,  Edge  replica  of  (0/902)s  graphite-epoxy  specimen  after  50000  cycles 
at  70%  of  static  failure  load. 


As  an  example.  Fig,  20  shows  an  edge  replica  of  a  (0/90/90)  ~  graphite-epoxy  speci¬ 
men  after  50000  cycles  at  70%  of  the  static  failure  load  (Ref.  42).  As  can  be  seen  from 
the  figure,  matrix  crackB  in  the  90  degree  laminae  are  easily  documented  by  this  tech¬ 
nique.  Also,  there  ic  evidence  of  edge  delamination.  Note  that  edge  replication  pro¬ 
vides  no  information  on  whether  the  matrix  cracks  run  all  the  way  acrOBS  the  width  of 
the  specimen.  Thus*  the  edge  replication  technique  is  of  dubious  value  as  a  research 
tool . 

3.6  atlffilfi&a  Change  HunltQllna 

The  stiffness  of  a  test  specimen  depends  on  its  geometry  and  internal  state  of 
damage.  As  damage  accumulates,  the  stiffness  changes.  Hence,  stiffness  change  raoni- 
toriny  can  be  used  as  a  NDE  tool  to  monitor  the  development  of  damage  (Refs.  43-44).  It 
provides  a  measure  and  not  a  detailed  description  of  the  damage.  Since  modern  fatigue 
test  equipment  has  built-in  displacement  transducers,  the  stiffness  change  can  be  con¬ 
tinuously  monitored  during  fatigue  testing.  Moreover,  the  equipment  can  be  set  to 
automatically  stop  the  test  when  a  desired  Btiffness  change  occurs.  The  apecimen  can 
then  be  subjected  to  complete  NDE  to  document  the  actual  state  of  damage* 

3.7  Acoustic  Emission  Monitoring 

When  a  material  is  subjected  to  external  loading,  elastic  strese  waves  are  gener¬ 
ated  as  a  result  of  microcrack  development.  These  stress  waves  (known  as  acoustic 
emission)  propagate  through  the  body  and  can  be  detected  with  the  aid  of  piezoelectric 
transducers  or  similar  devices.  Acoustic  emission  (AE)  in  composite  materials  can  have 
namy  cause  due  Lo  the  various  modes  oi  i«ii.Ui.w  (fiber  fracture,  matrix  cracking  and 
delamination)  that  can  occur.  Various  attempts  have  been  made  to  ubo  the  acoustic 
amission  as  a  NDE  tool  for  documenting  damage  in  composite  materials  (Refs.  42-46). 


Fig.  21.  Schematic  representation  of  an  AE  signal. 


A  schematic  representation  of  an  AE  signal  is  shown  in  Fig,  21.  The  AE  signal  can 
be  characterized  in  many  different  ways.  The  simplest  characterization  scheme  is  to 
count  the  number  of  times  that  a  threshold  amplitude  value,  shown  SB  a  dotted  line  in 
the  figure,  is  exceeded  by  the  Bigrial.  Thus,  thiB  particular  signal  giveB  two  AE  counts 
(number  of  times  the  threshold  is  exceeded).  By  summing  the  number  of  AE  counts  as  the 
specimen  is  loaded,  a  curve  of  AE  counts  vs.  load  level  can  be  generated.  By  using 
different  threshold  levels,  different  curves  can  be  obtained.  The  nature  of  these 
curves  can  be  used  to  discriminate  between  the  failure  events  producing  the  AE.  This 
scheme  is  the  first  one  applied  to  AE  wonitorinq  of  damage  accumulation  in  composite 
materials  (Refs.  45-46).  Since  major  matrix  damage  events  can  produce  AE  signals  con¬ 
taining  more  AE  counts  than  fiber  fract>  e  events,  it  is  questionable  whether  this 
particular  scheme  is  actually  practical.'  i  jreover,  reflections  of  the  stress  waves  from 
boundaries  can  further  cloud  the  Issue.  Note  that  a  sudden  reduction  in  AE  output  has 
been  observed  to  >ccur  prior  to  tenBile  fracture  (Refs.  49,  3). 
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The  energy  content  of  an  AE  burst  can  be  easily  computed  by  electronically  squaring 
the  AE  output  and  summing  over  the  duration  of  the  burst.  Equipment  for  doing  this  haB 
been  developed  and  used  for  damage  monitoring  (Ref.  45).  This  AE  signal  processing 
scheme  suffers  from  the  same  drawbacks  as  the  standard  AE  counting  scheme. 

To  overcome  the  difficulties  inherent  in  the  two  previously  mentioned  schemes, 
sophisticated  frequency  analysis  schemas  have  been  developed  and  employed.  In  these,  a 
fast  Fourier  transform  of  the  AE  burst  is  performed  and  the  frequency  content  of  the  AE 
signal  is  used  to  discriminate  between  the  failure  events  causing  the  AE  signal.  For 
example,  Lloyd-Graham  (Ref.  45,  p.  101)  found  that  the  ratio  of  the  amplitude  at  56  kHz 
to  the  amplitude  at  556  kHz  can  be  used  to  discriminate  the  causes  of  the  AE  signal.  A 
curve  of  this  ratio  vs.  time  for  a  delamination  is  different  from  that  for  filer 
fracture. 

Since  the  early  daya,  AE  monitoring  systems  using  multiple  transducers  have  been 
developed  that  can  be  used  to  locate  the  AE  source  provided  that  the  effect  of  internel 
damage  on  wave  propagation  in  the  solid  is  modeled  properly.  Since  the  weve  propagation 
speed  in  the  solid  is  constant,  the  arrival  times  of  the  AE  at  the  transducers  provide  a 
measure  of  the  location  of  the  AE  source.  Hy  setting  the  instrumentation  to  reject  AE 
signals  with  arrival  times  at  the  transducers  that  are  longer  than  the  travel  time 
between  the  transducers,  extraneous  AE  signals  can  be  eliminated.  Moreover,  the  loca¬ 
tion  of  the  AE  source  can  be  determined. 

Since  AE  can  be  monitored  continuously  during  a  fatigue  test,  AE  monitoring  can  be 
used  to  determine  when  significant  damage  has  occurred.  Thus,  AE  monitoring  can  be  used 
to  determine  when  to  Interrupt  a  fatigue  test  for  damage  documentation  using  one  of  the 
other  NDE  techniques. 

4.  COMPARISON  flb  HOB  TECHNIQUES 

The  examples  presented  in  Section  3  were  specifically  selected  to  permit  direct 
comparison  of  the  various  NDE  techniques  and  to  illustrate  their  strengths  and  weak¬ 
nesses.  By  examining  the  different  figures,  it  is  obvious  that  the  deplying  technique 
provides  the  most  detailed  Information  on  the  spatial  distribution  of  damage  in  reain- 
matrix  composite  materials.  Since  the  gold  chloride  marker  on  the  delamlnations  can 
obscure  matrix  cracks  associated  with  the  delamlnations,  this  excellent  damage  documen¬ 
tation  method  must  be  supplemented  by  x-ray  radiography  if  the  damage  documentation  is 
to  be  complete. 

Of  the  NDE  methods,  penetrant  enhanced  stereo  x-i.ay  radiography  provides  the  most 
detailed  information  on  the  Spatial  distribution  of  damage.  It  can  easily  be  ueed  to 
locate  matrix  cracks,  delaminations,  and  fiber  bundle  fractures.  If  stacked  multiple 
delamlnations  occur,  it  is  not  possible  to  accurately  document  all  of  the  dalaminations 
because  the  penetrant  in  some  of  the  delamlnations  may  obscure  other  delaminetions. 
Also,  it  is  difficult  to  distinguish  fiber  fractures  from  adjacent  matrix  cracks.  Fi¬ 
nally,  it  is  difficult  to  obtain  prints  of  stereo  radiographs  that  will  reproduce 
adequately  by  normal  report  printing  methods,  thereby  making  deosiralnation  of  results 
difficult. 

By  comparison  to  deplying  and  penetrant  enhanced  stereo  x-rey  radiography,  the 
ultrasonic  NDE  methods  pruvidc  poor  results.  The  conventional  ultrasonic  NDE  methods 
cun  only  find  delaminations.  If  the  delamlnations  are  stacked,  than  ib  is  questionable 
whether  adjacent  delaminations  can  be  resolved. 

Holographic  interferometry  and  speckle  photography  can  detect  the  presence  of 
surface  matrix  cracks  and  subsurface  delaminetions.  Only  qualitative  information  about 
the  delaminations  can  be  obtained.  Thus,  these  methods  should  not  be  used  lor  damage 
documentation  in  damage  accumulation  studies. 

Thermography  cannot  distinguish  damage  detaila  unluss  they  occur  on  the  surface. 
It  can  be  used  to  determine  the  temperature  distribution  on  the  surface  of  the  specimen. 
By  monitoring  the  temperature  as  a  function  of  fatigue  loading,  inferences  can  be  made 
about  the  occurrance  of  significant  damage.  Thus,  it  is  a  useful  supplementary  NDE 
technique. 

Edge  replication  provldeu  extremely  accurate  information  on  matrix  cracking  and 
delamlnations  on  the  surface  of  the  specimen.  For  narrow  specimen!,  it  can  ba  used  as  a 
good  Indicator  of  the  matrix  cracking  through  the  width  of  the  apecimen.  On  wide 
specimens,  the  matrix  cracking  along  the  edges  does  not  sxtwnd  across  the  width  and, 
hence,  this  technique  r in  give  erroneous  information. 

Acoustic  emission  and  stiffnsss  change  monitoring  do  not  provide  detailed  informa¬ 
tion  on  the  nature  of  the  damage.  They  indicate  when  aignlficant  damage  occurs.  Thus, 
one  of  these  techniques  should  be  used  to  guide  the  selection  of  NDE  intervals  during 
fatigue  teats. 

5.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  following  conclusions  follow  from  the  discussion  in  Sections  2  through  4t 

(a)  No  single  technique,  destructive  or  nondestructive,  esn  provide  complete 
documentation  of  the  spatial  distribution  of  damage  in  resin-matrix  composite  materials. 


(b)  Deplying,  a  destructive  technique,  provides  the  most  detailed  information  on 
the  spatial  distribution  of  delamina tions  and  fiber  fractures.  To  obtain  detailed 
information  on  matrix  cracking,  it  must  be  supplemented  with  x-ray  radiography  of  the 
depliod  samples, 

(c)  Penetrant  enhanced  stereo  x-ray  radiography  is  th *e  best  NDE  technique  for 
studying  damage  accumulation  in  resin-matrix  composite  materials.  It  can  be  used  to 
obtain  an  accurate  spatial  description  of  matrix  cracking,  delaminations  (if  too  many 
are  not  present),  and  fiber  bundle  fractures.  If  multiple  stacked  delttraina tions  are 
present,  the  information  on  location  of  the  delaminations  may  be  obscured.  Finally,  it 
can  be  used  in  place  during  testing,  thereby  avoiding  difficulties  inherent  in  removing 
the  specimen  from  the  test  frame  for  inspection. 

(d)  Of  the  two  holographic  NDE  techniques,  holographic  interferometry  does  not 
provide  sufficiently  detailed  damage  information  to  be  useful  as  a  research  tool.  While 
not  useful  as  an  NDE  tool,  laser  speckle  photography  can  be  used  as  an  experimental 
strain  analysis  tool  to  determine  the  strain  distribution  due  to  internal  damage  in 
loaded  specimens* 

( e }  Ultrasonic  NDE  methods  do  not  have  the  required  resolution  to  be  used  as 
research  tools  for  studying  damage  accumulation  in  composite  materials. 

(f)  Thermography  can  provide  useful  information  on  the  temperature  distribution  in 
a  specimen  undergoing  fatigue  loading.  This  information  is  necessary  for  rational 
development  of  life  prediction  methods. 

(g)  Edge  replication  is  a  useful  damage  documentation  technique  for  narrow  test 
specimens. 

(h)  Acoustic  emission  and  stiffness  change  monitoring  can  be  used  to  continuously 
monitor  tests  to  determine  when  significant  damage  events  have  occurred. 

Based  on  experience  with  the  various  NDE  methods,  the  following  recommendations  are 
in  order: 

(a)  A  combination  of  NDE  techniques  should  be  used  to  document  the  damage  accumu¬ 
lation  process  in  resin-niatrix  composite  materials.  As  a  minimum#  either  AE  or  stiff¬ 
ness  change  uionitiuiny  should  be  used  to  determine  when  significant  damage  events  have 
occurred.  Penetrant  enhanced  x-ray  radiography  should  be  used  to  document  the  spatial 
distribution  of  the  damage  just  before  and  after  the  occurrence  of  significant  damage 
events.  Deplying  should  be  used  when  penetrant  enhanced  x-ray  radiography  cannot  re- 
Bolve  the  damage  details. 

(b)  A  technique  should  be  developed  to  permit  use  of  stereo  x-ray  photographs  to 
convey  detailed  information  in  report  and  papers.  One  approach  for  doing  this  is  to  use 
electronic  image  enhancement  techniques  to  increase  the  contrast  between  damage  indica¬ 
tions  and  the  background.  This  would  result  in  high  quality  photographs  that  could  be 
easily  printed, 
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1.  INTRODUCTION 


uitod  technique  for  the  characterisation  of  damage  in  composite 
tallio  structures.  A  lot  of  tests  with  different  CFMP  specimen;; 

correlations  between  certain  AH  parameters,  respectively  their 
i3tics  of  defects,  which  are  typical  for  composites.  The  damage 
imemt  can  be  analyzed  with  a  very  good  chronological  resolution, 
orrelation  between  acoustic  ami  mechanical  parameters,  such  as 
The  present  results  demonstrate  a  potential  for  distinguishing 
ilure  mechanisms,  as  fiber  failure  and  matrix  cracking,  and  noise 
iction.  Locating  existing  defects  and  tracking  spatial  damage 
iold  of  application.  All  At!  data  are  being  monitored  rout  inuuus ly  - 
the  specimen,  Post-lest-analysis  of  the  stored  data  with  suited 
s  a  more  sophisticated  evaluation.*-  • 


ioli  offers  the  basic  test  results  in 


the  test  equipment  does  not  emit  anything,  hut  only  receives  the  acoustic  signals  generate 
inside  the  tested  object. 

Release  of  elastic  energy  in  solids  generally  leads  to  acoustic  emission.  Many  phenomena 
in  crystals,  polymeres,  amorphous  materials  and  composites,  ouch  as  progression  of  cracks 
or  dislocations,  generate  eluutic  (i.c.  acoustic)  waves  in  a  measurable  intensity.  The 
frequency  range  of  these  emissions  is  widespread  (see  Fig.  1).  Even  a  single  acoustic 
burst  generated  by  some  microscopic  failure  mechanism  may  contain  frequencies  extending 
over  several  octaves.  For  the  purpose  of  NDE  of  composites  commonly  frequencies  of  about 
1(P  Hz  are  being  used.  At  lower  frequencies  the  noise  level  is  too  high,  while  for  very 
high  frequencies  the  damping  effect u  become  too  strong.  Broadband  measurements  are  in 
use  for  frequency  analysis.  However,  all  test  results  discussed  in  this  presentation 
are  founded  on  measurements  in  the  110  kHz  range. 

For  the  anulyzability  it  is  essential,  that  the  emissions  are  discrete ,  i.o.  that  they 
occur  as  a  sequence  of  separate  events.  Only  then  all  measured  parameters  can  be  corre¬ 
lated  properly,  as  will  be  discussed  below.  Before  discussing  the  field  of  AE  applica¬ 
tion  or  real  experimental  results,  the  signal  processing  technique  and  the  necessary 
definitions  will  he  introduced  in  the  following  section. 

2.  ACOUSTIC  EVENT  DATA  PROCESSING 

Acoustic  waves  generated  by  damage  progression  propagate  through  the  specimen  and  hit  the 
pi ezo ceramic  transducers  (sensors),  which  are  fixed  on  the  specimen  surface  ut  suited 
positions.  The  transducers  generate  an  electric  voltage  proportional  to  the  normal  elon¬ 
gation  of*  the  piezoelectric  crystal,  which  is  caused  by  the  acoustic  wave.  An  acoustic 
burst,  transformed  into  a  corresponding  electric  signal,  is  schematically  shown  iri  Fig.  J . 
The  common  expression  in  AE  terminology  appertaining  to  this  is  "event".  In  the  I’ol lowing, 
we  will  use  the  word  "event w  in  this  and  only  this  meaning.  The  event  duration  is  define*: 
us  the  time  interval  between  the  first  and  the  last  intersection  of  the  signal  voltage 
curve  and  a  given  threshold  level.  All  signals  below  the  threshold  are  regarded  as  in¬ 
significant  information  and  being  suppressed.  The  event  is  really  terminated,  if  no  re¬ 
newed  exceeding,  of  the  threshold  occurs  during  a  given  de/,d-timo.  (Gome  AE  systems  add  the 
event  duration  and  the  dead  time,  the  resulting  parameter  is  sometimes  called  envelope 
time).  For  information  storage  arid  evaluation  the  signal  is  being  digitized.  Digital 
pulses,  so-called  (ringdown-)  counts,  are  being  generated  synchronously  to  each  exeed- 
ing  of  the  threshold  level ,  The  other  digitized  parameters  are:  the  peak  amplitude, 
the  rise  time  (for  both  see  Fig.  d)  and  the  event  energy 


o  •  f  U? 


where  T  is  the  event  duration,  U(t)  is  the  sign  1  voltage,  and  e  is  an  (unknown)  con¬ 
stant  factor.  The  system  offers  an  integer  num!  i*aij  a  result  of*  the  integration. 


It  is  croportional  to  the  real  signal  energy  dissipated  into  the  transducer.  Each  event 
is  given  a  "date"  on  the  time  axis  (time  from  start  of  the  test).  This  is  a  most  important 
value,  because  it  enables  the  correlation  between  acoustic  and  mechanical  parameters.  An 
arbitrarily  chosen  example  in  Fig.  3  shows  the  complete  data  set  of  a  single  event.  The 
test  has  been  done  with  4  channels  (4  transducers)  used.  In  addition  to  the  parameters 
which  have  been  mentioned  above-  there  is  a  column  ’'timing’1 .  Differences  in  the  acoustic 
waves'  time  of  arrival  at  the  M  transducers,  deriving  from  different  ways  from  the  source, 
are  listed  hei*e.  In  the  present  example  transducer  C  has  been  hit  first;  the  last  one 
that  has  been  hit  is  transducer  D,  283  microseconds  later.  These  values  contain  the  basic 
information  for  the  location  of  acoustic  sources  and  for  the  tracking  of  the  spatial 
progression  of  defeats. 

For  vhe  analyzability  it  is  essential,  that  the  emissions  are  discrete,  i.e.  that  they 
occur  as  a  sequence  of  separate  events.  Only  then  all  measured  parameters  can  be  corre- 
labed  properly.  If  the  signal  rate  becomes  so  high,  that  the  events  conglomerate  to  a 
qua3i-continuum  in  an  early  phase  of  the  test,  during  which  the  occurence  of  serious  fail¬ 
ure  processes  is  not  yet  to  be  expected,  the  gain/threshold-relation  ought  to  be  reduced. 

The  quantity  of  information  obtainable  from  AE  tests  depends  strongly  on  the  value  of 
this  relation.  Large  gain  values  and  a  low  threshold  level  may  lead  to  system  overfeed¬ 
ing.  Low  gain  and  a  high  threshold  may  cause  serious  information  loss.  An  optimum  has 
to  be  found  for  each  type  of  specimen  and  loading  function. 

All  test  results  discussed  in  the  present  paper  have  been  obtained  with  a  computerized 
^analyzer  system.  It  is  schematically  shown  in  Fig.  .  There  are  4  channels,  each  con¬ 
sisting  of  preamplifier,  filter,  main  amplifier r  i  signal  processor.  The  digital  sect¬ 
ion  is  Z-80-based.  There  are  2  floppy  disk  di  for  data  storage,  a  keyboard  and 

video  screen  for  communication  between  system  ■  user.  A  couple  of  supplementary  tools 
enable  the  user  to  get  either  graphic  or  alphanumeric  type  hardcopies  and  to  use  several 
auxiliary  functions. 

3.  DAMAGE  HISTORY  RESOLUTION 

The  resolution  of  the  damage  progression  process  relating  to  time  or  to  synchronously 
monitored  parameters  (as  load,  cycle  number,  3tress,  temperature  etc .)  represents  the 
specific  potential  of  AE  analysis.  The  number  of  events  per  unit  time  and  the  correspond¬ 
ing  event  parameter  values  per  unit  time  or  per  event  can  be  combined  to  various  distri¬ 
butions  and  histograms. 

First  in  this  section,  the  damage  history  of  a  ring  specimen  made  from  a  laminate  from 
M^0/3000  (fibers)  and  Epikote  lo2  (resin)  will  be  discussed  as  an  example.  Those  CFRP 
rings  have  been  tested  with  the  purpose  of  evaluating  the  influence  of  certain  fiber/ 
resin-combinations  on  characteristics  of  the  damage  progression  (in  particular  on  the 
energy  release  rates).  Certain  problems  due  to  the  specimen  clamping,  which  occur  with 
other  geometries,  could  be  avoided  with  ring  specimens.  The  load  has  been  applied  by  a 
concentric  o:;  1-hydraulic  tool.  The  process  of  defect  progression  up  to  failure  has  been 
monitored  by  various  instruments;  here  we  only  ask  for  the  contribution  of  AE  analysis 
to  the  resolution  and  interpretation  of  the  specimen’s  damage  history.  Source  location 
has  not  been  used  in  these  tests  because  of  the  annular  symmetry  of  the  tested  objects. 

For  each  event,  the  parameter  values  registered  in  the  rj.r?t-hit  channel  have  been  se¬ 
lected  for  analysis.  We  will  discuss  the  damage  progression  using  3ome  selected  distribu¬ 
tions  (Fig.  5a-5f). 

The  tes1  ook  about  33  seconds.  The  loading  curve  was  a  ramp.  The  first  registered  events 
occured  4 . 3  seconds  after  the  start  of  the  test,  as  to  be  3een  in  the  "events  vs.time"- 
diagram  (Fig.  5a).  The  acoustic  activity  went  up  and  down  during  the  following  13.5 
seconds,  followed  by  a  relative  maximum  and  a  sharp  caesure.  During  3. 3  3econd3  the  spe¬ 
cimen  was  almost  "silent".  Subsequently,  ^  phases  with  a  very  high  event  rate,  declining 
towards  the  end,  can  be  noticed.  This  diagram  (Fig.  5a)  shows  several  remarkable  charac¬ 
teristics  : 

the  maximum  at  the  beginning, 

The  maximum  prior  to  the  silent  phase,  which  is  mo3t  probably  due  to  a  considerable 

failure  phenomenon, 

-  the  silent  phase  itself,  and 

the  slow  decay  towards  the  end.  This  is  unusual  (the  normal  case  for  virginal  specimens 

is  an  increase  of  the  event  rate  up  to  failure).  The  decay  indicates,  that  critical 

failure  has  occured  earlier. 

The  corresponding  amplitude  histogram  (Fig.  5b)  emphasizes  the  maximum  prior  to  the  silent 
phase.  Here  the  ratio  of  events  per  unit  time  fo  event  amplitude  per  unit  time  differs 
from  that  in  other  part 3  of  the  distribution.  The  higher  amplitudes  are  assumed  tn  be 
due  to  "strong"  failure  mechanisms  (fiber  fracture),  as  will  be  discussed  below.  Fig.  5c 
(event  duration  vs.  time)  shows  a  distinct  difference  between  the  first  18  seconds  and 
the  second  half  of  the  diagram.  The  distribution  of  the  "normal"  event  durations  in  the 
first  part  can  not  yet  be  resolved  because  of  the  large  ordinate  scale,  which  is  caused 
by  the  enormous  duration  values  in  the  second  half.  Since  there  is  no  significant  differ¬ 
ence  between  the  shape  of  the  distribution  in  the  second  half  of  Fig.  5c  and  the  cor¬ 
responding  sections  in  Fig.  5a  and  5b,  one  can  assume  a  more  or  less  constant  ratio  in 
event  rate,  event  amplitude,  and  duration  during  this  phase  of  the  specimens'  damage 
history  (t?22  sec  from  test  start).  Furthermore,  the  event  duration  values  are  absolutely 
large,  while  the  amplitude  values  do  not  exceed  the  average.  The  latter  fact  becomes  obvious 
by  printing  out  all  the  event  parameter  values  one  by  one  alphanumerically ,  which  cannot 
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be  shown  hero.  This  leads  to  the  conviction,  that  all  emissions  subsequent  to  the  maximum 
18  seconds  from  start  have  been  generated  by  internal  friction.  Comparable  tests  show, 
that  strong  friction  causes  such  large  clusters  of  weak  events.  Here  the  friction  noise 
has  been  generated  by  parts  of  the  bursting  ring  specimen.  The  actual  failure  i3  due  to 
fiber  fracture. 

To  make  sure  that  this  explanation  is  right,  we  use  the  hydraulic  oil  pressure  as  a  dis¬ 
crimination  parameter:  as  schematically  shown  in  Fig.  5d,  we  can  3et  arbitrary  thresholds 
and  thus  create  an  acceptance  window  for  the  evaluation.  For  Fig.  5e  we  have  accepted  all 
events  generated  at  p  ^  °*°^pultimat  *  post-failure  emissions  are  now  suppressed.  This 
diagram  supports  the  above  interpretatfion:  Ultimate  load  (p  =  186  bar)  had  been  attained 
18  seconds  from  test  start,  and  the  specimen  failed.  The  corresponding  energy  distribution 
(Fig.  5f )  emphasizes  these  facts  moat  striking.  The  distribution  of  the  "normal"  AE  ener¬ 
gies  cannot  be  resolved  graphically,  since  the  failure  energy  is  «  10J  times  higher  (the 
energy  unit  uaod  in  these  diagrams  is  a  relative  one,  there  i3  no  absolute  calibration 
in  Joule).  The  example  discussed  here  demonstrates 

-  that  the  defect  progression  can  be  characterized  by  the  monitored  AE  data 

that  the  accuracy  of  the  evaluation  depends  on  the  manifoldness  of  analyzed  diagrams 
and  that  it  is  important  to  analyze  AE  data  in  their  alphanumerical  form,  too.  (In  the 
present  example.  Fig.  3a  alone  would  easily  lead  to  misinterpretations). 

The  correspondence  between  high  AE  energy  release  rates  and  progressing  damage  is  demon¬ 
strated  in  Fig.  6a.  A  ring  specimen  of  the  same  type  as  discussed  above,  but  made  from 
another  laminate  (Kevlar-fiber-based) ,  failed  in  several  steps.  The  lower  diagram  shows 
the  load  (i.e.  the  oil  pressure)  vo.  time,  as  monitored  by  the  AE  test  equipment.  There 
are  cogent  correlations  between  the  breaks  in  the  p  (t) -curve  and  the  energy  distribution. 
For  Fig.  6b,  we  have  switched  over  to  a  smaller  scale  and  better  resolution  both  for  the 
p  (t)-curve  and  for  the  energies.  The  abscissa  covers  (almost)  the  first  minute  from 
start.  The  energy  peaks  in  this  diagram,  which  disappear  in  Fig.  6a  with  its  larger  scale, 
must  have  been  generated  by  the  first  considerable  damage  mechanisms.  A  perceptible  cor¬ 
relation  with  the  p  (t)-curve  cannot  be  detected  any  more,  even  if  the  graphic  resolution 
of  p  (t)  is  improved  substantially. 

Numerous  tests  give  evidence,  that  damage  progression  can  be  "heard"  by  its  acoustic  emis¬ 
sions  long  before  mechanical  parameters  show  any  significant  variation  (e.g.  in  the  stress/ 
strain-diagram) . 

There  is  a  potential  to  idontil’y  (or  to  dietinguish  among)  certain  laminates  respect ively 
their  behaviour  under  various  kinds  of  loading  using  AE  test  results  like  those  discussed 
above.  The  cubject  of  correlations  between  characteristics  of  AE  results  and  certain 
failure  mechanisms  and  material  properties  needs  further  Btudy. 

4.  CLASSIFICATION  OF  SINGLE  EVENTS 

It  may  happen  that  the  quantity  of  information  obtainable  merely  from  distributions  of 
events  or1  event  parameters  is  not  sufficient  for  a  reliable  characterization  of  defect 
progression.  Since  all  distribution:  are  composed  of  separate  events,  criteria  for  the 
classification  of  single  AE  events  relating  to  different  failure  mechanisms  are  required 
additionally . 

While  discussing  Fig.  5b  in  the  last  section  we  have  postulated  such  a  criterion:  events 
generated  by  fiber  fracture  have  substantially  higher  peak  amplitudes  than  those  generated 
by  rosin-controlled  mechanisms,  friction  etc.  Indeed  numerous  testB  give  evidence  of  this 
fact.  The  typical  distribution  of  amplitudes  for  macroscopic  damage  progression  in  CFHF 
laminates  Ib  shown  in  Fig.  7:  The  above  thesis  means  that  fiber  fractures  contribute  pri¬ 
marily  to  the  tail  of  the  histogram  extending  to  high  amplitudes.  Control  experiments  to 
estimate  the  grave  influence  of  damping  on  that  distribution  have  been  made,  Preliminary 
results  confirm,  that  the  attenuation  of  the  acoustic  waves  on  their  way  through  the  mate¬ 
rial  in  indeed  strong  and  depends  considerably  on  the  laminate  anisotrooy .  But  it  is  most 
unlikely,  that  "genuine"  high-amplitude-eventB  (e.g.  in  the  80  dB-range)  appear  in  the  di¬ 
stribution  maximum  (60dB  lower)  because  of  attenuation,  and  vice  versa.  Presupposed  are 
sufficiently  limited  specimen  proportions. 

This  amplitude  criterion,  which  is  confirmed  by  numerous  experiments,  verifies  results 
gotten  by  Awerbucb  Ill  . 

Hotem  and  Altus  t  2 1  have  emphasized  the  significance  of  the  AE  energy  release  rate  (and 
its  correlation  with  amplitude  and  count  rate).  The  third  parameter  to  be  taken  into  account 
besides  amplitude  and  energy  i:;  the  frequency.  Mehan  and  Mullin  l 3 1  have  evaluated  the 
frequency ?  respectively  the  signature  of  the  signal  voltage  of  single  events,  as  to  be  seen 
on  an  oscilloscope. 

Though  the  basic  significance  of  these  parameters  (amplitude,  energy,  frequency)  for  a  clas¬ 
sification  of  signal  sources  (i.e.  of  the  events)  is  undisputable  (  sen  B&rdenheier  1^1  , 
or  Schwalbe  (5)  )#  many  authors  refer  solely  to  the  number  of  counts  (positive  thres¬ 

hold  crossings,  see. Fig.  2)  or  count  rate.  This  is  probably  due  to  the  limitations  of  the 
respective  AE  test  equipment.  Since  counts,  amplitude,  and  the  ither  event  parameters  are 
connected  among  each  other,  models  for  the  characterization  of  certain  failure  modes  based 
on  counts  and  events  alone  can  be  developed  (e.g.  see  Harris,  Tetelman,  and  Darwish  161  ). 
However,  ttvse  models  are  again  macroscopic.  A  reliable  model  for  microscopic  failure  mode 
discrimination,  based  on  the  information  obtainable  from  single  events,  will  require  all 
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measurable  parameters.  Much  work  on  this  subject  is  to  be  done. 

5.  AE  SOURCE  LOCATION 

Spatial  damage  propagation,  in  particular  crack  tip  progression,  can  be  tracked  by  acoustic 
emission.  Though  the  source  location  resolution  is  less  exact  than  that  of  ultrasonic  or 
X-ray  techniques,  the  results  are  most  useful.  They  enable  exact  chronological  resolution 
of  the  3patial  defect  progression. 

The  principle  of  linear  location  is  3hown  in  Fig.  8.  All  acoustic  signals  being  monitored  by 
the  two  transducers  with  a  certain  transit  time  difference  must  have  been  generated  by 
sources  located  on  a  well-defined  curve.  In  the  (ideal)  case  of  isotropic  velocity  of  sound 
this  curve  is  a  hyperbola;  in  real  laminates  it  will  look  like  quite  different.  But  in  any 
case,  its  intersection  with  the  axis  defined  by  the  transducers  in  unequivocal.  A  "loca¬ 
tion  value"  may  be  given  to  this  locus.  In  Fig.  8,  this  value  is  "SO" ,  i.e.  80J»  of  the 
distance  between  the  transducers.  A  calibration  prior  to  the  actual  test  is  required  to 
get  the  transit  time  of  acoustic  waves  for  the  whole  distance.  Thus,  a  location  method  for 
testing  laminate  bars  has  been  gotten.  The  condition  which  has  to  be  satisfied  is  that  the 
specimens  are  comparatively  long  and  narrow,  since  only  then  the  location  values  will  in 
any  ca3e  characterise  the  actual  positions  of  the  acoustic  emission  sources  relating  to 
the  two  transducers. 

Fig.  9a-9d  shown  4  consecutive  location  distribution  histograms  on  the  250-,  500-,  and 
1000-event-level  and  close  to  failure.  The  specimen  was  unidirectional  and  center-notched. 
The  notch  location  in  the  middle  of  the  specimen  can  easily  be  determined.  The  abscissa 
corresponds  to  the  specimen  length.  Progression  of  axial  splitting  emanating  from  the 
notch  tip  (first  to  the  right,  subsequently  ai so  to  the  left  side)  is  to  be  seen  in  Fig.  9c 
and  9d.  Some  details  are  no  more  resolved  graphically  in  Fig.  9d  because  of  the  larger 
ordinate  scale. 

The  linear  location  technique  has  proved  itself  to  be  suited  for  composite  materials  test¬ 
ing.  However,  other  specimen  geometries  require  more  sophisticated  location  techniques. 
Preliminary  experiments  on  this  subject  establish  that  there  are  many  problems  to  be  solved: 

The  extension  of  the  linear  location  method  into  two  dimensions  (see  Fig.  10a)  to  planar 
location  is  difficult,  since  for  composite  materials  the  triangulation  is  being  complicated 
by  the  grave  influence  of  anisotropy.  It  is  obvious,  that  planar  location  based  on  transit 
time  measurements  and  triangulation  is  suited  for  metals,  but  problematic  for  laminates. 
Application  of  linear  location  to  ring  specimens  (perimeter  2n  2  location  value  100% )  also 
creates  Borne  problems.  The  specimen  is  endless,  and  the  annular  geometry  may  cause  equi¬ 
vocal  solutions. 

The  simplest  conceivable  location  method  is  the  multi-channel  technique  with  atransducer 
network  (3ee  Fig.  10b).  It  has  been  used  for  many  years  for  applications  3uch  as  hydraulic 
vessel  or  pipeline  testing  but  is  of  ourae  unsuited  for  laboratory  investigations.  The 
zone  location  method  (see  Fig.  11)  is  in  principle  applicable  to  arbitrary  laminates  but 
requires  more  circumstantial  calibration.  Here  patterns  of  transit  time  differences  are 
being  stored  during  calibration.  During  the  actual  test  they  are  being  re-correlated  to 
the  calibration  loci  with  more  or  less  tolerance  in  the  case  of  occurence.  For  tracking 
of  upatial  defect  progression  in  complicated  specimens  this  technique  seems  promising. 

6.  CONCLUSIONS 

Numerous  specimens  made  from  various  (mainly  carbon-fiber-based)  laminates  h?  ve  been 
tested  using  Acoustic  Emission.  The  results  demonstrate  a  potential  to  characterize  de¬ 
fect  progression  in  such  laminates  by  evaluation  of  the  monitored  AE  data.  Moreover, 
since  AE  is  an  in-situ-technique,  the  data  are  already  available  during  the  test,  re¬ 
spectively  during  the  actual  employment  of  the  structure.  ThuB,  the  loading  process  may 
be  influenced  or  stopped  or  auxiliary  functions  may  be  switched  on,  if  a  crucial  varia¬ 
tion  of  AE  parameters  indicates iniainent  failure. 

The  potential  of  AE  analysis  is  schematically  compared  to  that  of  X-ray  and  ultrasonic 
techniques  in  Tab.  1.  It  is  evident,  that  the  combination  of  these  NDE  methods  is  very 
promising.  However,  the  AE  technique  needs  further  development.  Particularly  classifica¬ 
tion  criteria  for  single  acoustic  events  and  source  location  methods  have  to  be  improved. 
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Tab .  1  :  ACOUSTIC  EMISSION  ANU  COMPLEMENTARY  NDE  TECHNIQUES 
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Fig.l  :  FREQUENCY  KANGES  OF  ACOUSTIC  EMISSION  PHENOMENA 
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Fig. 2  :  AE  EVENT  (  SCHEMATIC  ) 
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Pig.  3  :  AVAILABLE  AE  EVENT  DATA  SET 
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Pig. 5  :  DAMAGE  HISTORY  OP  A  CPRP  RING  (continued) 
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UNIDIRECTIONAL  FIBER- 
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Pig. 9  : 
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f'lg.U  :  LOCATION  WITH  2  TRANSDUCERS 


a)  Triangulation 


Nig. 11  i  ZONE  LOCATION  TECHNIQUE 
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b)  Approximate  Location 
with  a  Transducer  Network 


'ig.io  :  METHODS  op  Ali  SOURCE  LOCATION  IN  2  DIMENSIONS 


LA  DISSECTION  DES  PIECES  COMPOSITES  : 

UNE  AIDE  PRECIEUSE  A  LA  CONCEPTION  ET  AU  CONTROLE  NON  DESTrUCTIF 


par 

M.  BOURGEON 

Responsable  deB  Etudes  de  Mfithodes  de  Controles  Physico-Chimiques 
Society  EuropGonne  de  Propulsion  -  Division  Propulsion  A  poudre  et  Composites 

LE  HAILLAN 

Saint  Mfidard  en  Jalles 
33160 
FRANCE 


RESUME 

Cot  expose  montre#  au  travers  d'exemples  precis/  1 ' importance  qu'il  faut  attacher  A 
la  dissection  des  places  en  matfiriaux  composites,  Cette  aide  ee  aitue  a  deux  niveaux  : 

.  a  la  conception  en  apportant  des  informations  comp lfimenta ires  A  celles  donnfics  par  lea 
calculs  (ur iuntations  privilfigifies  de  fibres/  quality  des  liaisons  fonotionnelles / etc, . ,) 

.  en  controls  non  destructif  par  la  signification  r Cello  des  dfifauts  mis  en  Evidence  par 
leu  difffirentes  techniques  et  1* incidence  qu'il  peut  en  result di  sur  lu  choix  des  mfitho- 
des  * 


A  SEP  et  plus  particulifirement  au  dfipartament  Quality,  la  dissection  des  pieces  com¬ 
posites  eut  un  point  important  dans  notre  systfilue  de  construction  de  la  quality  et  nous 
avons  accumulS  au  cours  des  annfies  un  grand  nombre  do  rGsultats  qui  nous  ont  permit*  d'fita- 
bllr  ce  que  nous  avons  appelfi  une  "dfifauthfique" .  Cette  dfifauthfique  constitue  un  volumineux 
document  de  travail  oil  sont  rassemblfis  les  rGsultats  dee  examens  effectuGs  en  controls  non 
destructif/  le  rapport  d'expertiae  et  la  pifice  elle-memo  quand  cola  est  possible. 

Fort  de  notre  experience,  nous  alions  voir  au  travers  d' examples  concrete  tout  l'in- 
tfiret  que  peut  reprfisentei*  un  tel  travail  et  ceci  dans  trois  domainos  t 

.  la  conception  et  la  mise  en  oeuvre# 

.  lea  controles  non-des tructif s , 

.  les  expertises  inatGriaux. 

1  -  LA  DISSECTION  ET  LA  MISE  EN  OEUVRE 


Dans  le  domaine  de  la  propulsion#  les  pieces  de  veine  sont  soumises  -entre  autros-  & 
des  efforts  thermomOcaniques  importants.  Lorsque  cos  pifices  sont  en  matGriaux  composites, 

1 'orientation  de:;  otratea  pur  rapport  au  flux  de  gaz  chauds  est  A  prendre  en  compto,  Cette 
orientation  est  inuItrisGe  par  1 'utilisation  de  techniques  de  fabrication  telles  que  le  bo- 
binage  de  ruban  ou  lo  drapaye  Ue  strates  prGdficoupGes . Le  problfime  eat  tout  autre  lorsque 
l'on  veut  mettre  en  oeuvre  des  mwtGriaux  mo  ins  onGreUX  tals  que  leg  imprGgnGs  A  fibre  cour- 
te  ou  les  chutes  de  tissue  imprfignGs  dficoupGs  en  petite  carreaux. 

prenons  1' example  d'une  pifice  de  tuyfire  d'un  petit  engin  rGalisGe  par  une  technique 
dite  de  surmoulage  d'une  partie  composite  (imprfignG  carbone  phfinolique  en  petits  carreaux) 
sur  une  pifice  graphite. 

La  partie  composite  du  cette  pifice  constituu  uno  protection  therinique  qui  doit  Gyalement 
encaisser  des  con  train  tea  luGcaniquea.  Ces  contraintos  ont  des  directions  paral '.files  A  l'nxe 
du  flux  dans  la  part.ie  amont  (El)  et  perpendiculaire  dans  les  parties  centrale  et  aval 
(K2) 


Flux  gazaix 


Carbone  phCnolique 


Graphite 


Le  premier  outillage  de  moulage  mis  en  oeuvre  pour  rfialiser  cette  pifice  conduisait  A 
des  fissurations  et  dea  ejections  de  la  partie  graphite  lore  des  tirs  au  banc.  Lbs  dissec¬ 
tions  de  ces  pifices  nous  ont  montrG  que  dans  la  zone  de  contrainte  E2,  le  flux  d'Gcoule- 
ment  de  la  rGsine  conduisait  A  une  orientation  des  fibres  parallfiles  A  la  direction  de 
l'effort  done  tout  particulifirement  propice  A  la  fissuration. 

Devant  ces  observations,  nous  nous  sommes  attaches  A  modifier  l'outillage  et  le  processus 
de  moulage  de  fagon  A  conserve!*  une  orientation  des  fibres  perpendiculairos  A  1 ' axe  du 
flux  dans  la  partie  amont  de  la  pifice  mais  parallfiles  dans  les  parties  cnntrale  et  aval 
permettant  ainai  un  fort  accroissement  de  la  resistance  mficanique  clanu  cette  zone. 

Les  exemples  de  ce  type  sont  multiples  et  bien  souvent  la  dissection  des  pifices  permet 
d'apporter  une  rfiponse  simple  ot  rapide  A  la  solution  A  envisager  pour  palier  A  certains 
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dgf auts . 

2  -  LA  DISSECTION  ET  LES  CQNT ROLES  NON  DESTRUCTIFS 


Si  les  dgfauts  rencontr6s  dans  les  matgriaux  mgtalliques  sont  aujourd'hui  pour 
la  plupart  bien  connus  et  ne  posent  pas  de  vgritables  problGmes  d ' interpretation  lursqu' 
un  les  met  en  evidence  par  das  techniques  CND,  ii  n'en  est  pas  de  meme  avec  les  matgriaux 
composites . 

Nous  traiterons  ici  l1 example  des  pi&ces  en  Sepcarb  (Sepcarb  marque  dgposg©  des 
matgriaux  carbone  carbons  dgvoloppgs  et  industrialists  par  SEP)  ngcessitant  une  miau  en 
oeuvre  longue  et  dtlicate  oti  1©  rebut  coute  done  tr6s  cher.  II  est  impgratif  pour  les  con- 
troleurs  CND  de  fournir  aux  ingtnieurs  quality  un  diagnostic  prGcis  des  dgfauts  rencontrfes 
dang  de  tellea  pigees,  dgfauts  qui  selon  leurs  gravitts  sont  autorisgs  ou  non  au  niveau 
des  specifications. 

Des  series  de  dissections  effectives  sur  diverses  piflees  dtfectueuseu  nous  ont  montrfi  quo 
les  examens  radiographiques  habituellemen t  pratiques  en  controle  pouvaient  fournir  des 
images  identiques  pour  des  dgfauts  de  gravity  tout  cl  fait  difftrente  et  conduire  par  1A 
meme  A  des  rebuts  abusifs, 

Cette  information  nous  a  conduit  A  mettre  en  place  un  controle  compltmentaire  dans  curtains 
cas,  ici  nous  avone  adoptfi  les  ultra-sons  qui  purmettent  d'apporter  les  informations  com- 
pldmentaires  ntcessaires  pour  la  prise  de  decision. 

3  -  LA  DISSECTION  ET  LES  EXPERTISES  MATERIAU 

La  determination  de  l'origine  des  dgfauts  perniet  bien  sou vent  d'apporter  les  actions 
correctives  ngeessaires.  Dans  cu  domaine,  la  dissection  est  ggaloment  une  aide  prgeieuse. 

Pour  iilustrer  ceci  nous  prendrons  le  cas  d'une  pities  bobinge  en  carbone  phfinolique 

pour  laquelle  le  controls  radiographique  u  mis  en  gvidence  deux  zones  distinct  is  dfifec- 

tueuses . 

Une  expertise  nous  a  6tg  demandge  en  vue  de  dfiterininer  l'origine  de  cette  non-eonformitg 
tout  &  fait  inhabituellc .  A  la  dissection  nous  avons  pu  constater  que  lu  dfefaut  observe 

correspoudait  A  des  zonus  de  fort  as  porositGs.  L'enquete  a  montrg  que  dans  cos  deux  zones 

le  meme  lot  d'imprggnS  avait  6U6  utilise.  Un  controle  physico-chimique  A  postgriori  a  6tg 
pratlqug  sur  ce  lot  de  matigre  et  lee  rgsultats  obtenus  ont  indiquG  un  gtat  d'avancement 
anormal  de  la  rgsinu  ae  traduisant  par  un  manque  de  fluage  et  expliquant  ainsi  le  dgfaut 
run con tr 6. 

CONCLUSIONS 

Nous  vunons  do  voir  au  travels  de  ces  queiques  examples  tirfis  de  noire  expgrience  que 
la  dissection  des  pifices  pouvait  apporter  une  aide  prgeieuse  lors  de  la  conception  et  do 
la  miss  en  oeuvre  par  son  action  directs  sur  la  conduit©  du  proegdg,  lors  du  choix  des 
mgthoduH  et  du  diagnostic  en  controle  non-destructif  et  enfin  lors  des  expertises  matg¬ 
riaux,  ll  est  un  quatridme  Volet  que  nous  n' avons  pas  abordg  el  sur  lequel  nous  concluerons 

Lu  dissection  est  en  ulle-tnem©  une  mgthode  de  controle.  En  eifat,  au  niveau  de  certai- 
nos  specifications  il  est  trgs  difficile  voire  impossible  de  s' assurer  de  la  conlormitg 
de  certains  critGros  par  des  techniques  de  controle  non-destructif.  Dans  ces  cas  prgeis  et 
qui  relgvent  du  domain a  de  la  production  rgpgtitive  le  proegdg  de  moulage  est  tout  d'abord 
qualliiC  puis  nous  vfiriflons  qu*il  n'y  a  pas  de  dgrive  en  prglevant  une  pifice  de  temps  a 
autre  pour  dissection. 

Nous  avons  plus leurs  exempleu  de  ce  type  dans  nos  productions,  e'est  le  cas  notamment  du 
cone  avail t  du  moteur  CPU  5G,  pigee  composite  en  Kinel  (fibre  de  verre,  rCsine  polyimidc) 
pour  lequel  les  spgcif icatiuns  prGvoient  un  controle  de  fibrage. 

Lu  muilleutu  connaissance  do  son  produit  est  un  critOre  de  qualitg,  la  dissection  des 
piOces  eat  un  des  outilu  mis  1  notre  disposition  pour  y  parvenir  /  i.l  ne  suffit  bien  sou- 
vent.  que  d'y  penaer. 


AD  P  0  0  1 9  1 3 


GROWTH  OF  DELAMINATIONS  UNDER  FATIGUE  LOADING, 
by 

R.Prinz 

Deutsche  Forschungs-  und  V'ersuchsanstalt 
fUr  Luft-  und  Raumfahrt  e.V. 

Institut  fUr  Strukturmechanik 
D-3300  Braunschweig-Flughafen 
Germany 


SUMMARY 

^In  order  to  determine  the  nature  of  failure  mechanisms  a  number  of  fatigue  tests  were  per- 
•formed.  The  test  specimens  partly  have  artificial  delaminations  between  different  layers 
of  the  multidirectional  laminates  made  from  T300/91^C  prepregs.  For  better  understanding 
of  the  strength  degradation  in  fatigue  a  damage  model,  based  on  the  delamination  propagation 
starting  from  the  free  edges  between  the  plies  of  a  multidirectional  laminate, has  been 
developed.  These  defects  propagate  due  to  interlaminar  stresses  up  to  an  area,  which  is 
critical  in  the  case  of  tension-coppression  fatigue  against  buckling  or  shearing  or  parts 
of  the  delaminated  test  specimen. 

LIST  OF  SYMBOLS 

|ni  Extensional  stiffness  matrix,  KN/mm 
A„  Stiffness  of  the  laminate  in 
x-direction,  KN/mm 
a  Strip  delaminaticn  size,  crack 
length,  nun 

ao  Platic  zone  at  the  crack  tip,  mm 
do/dN  Delaminat ion  growth  rate,  mm/cycle 
IB)  Coupling  stiffness  matrix,  KN 
b  Width  of  the  specimen,  mm 
c,  Displacement  at  the  edge  of  the 
specimen  in  z -direct  ion ,  mm 
cm  Measured  Value  of  the  crack  opening 
displacement  at  the  edge  of  the 
specimen,  mm 

ID)  Bending  stiffness  matrix,  KN/mm 
d  Laminate  thickness,  mm 
El  Modulus  of  a  lamina  in  fiber 
direction,  KN  mm7 

Et  Modulus  of  a  lamina  in  transverse 
direction,  KN/mm* 

Gut  Lamina  shear  modulus,  KN/mm? 
h  Lamina  thickness,  mm 
k  Plate  curvature,  l/inm 
M  Kesuitand  moment ,  acting  on  the 
laminate  Nmm/mm 

N  Hesultand  force,  acting  •  n  the 
laminate,  N/mm 
N  Number  of  load  cycles 
R  Stre33  ratio,  R  -GilQ* 
w,  Displacement  in  z-d5.rect  ion ,  mm 
x.y.z  Cartesian  coordinates 

1  INTRODUCTION 

In  the  failure  analysis  of  composite  laminates,  one  of  the  most  serious  problem  has  been 
the  propagation  of  interlaminar  cracking,  commonly  known  as  delamination.  Delaminations 
may  he  f rv  med  during  manufacture  due  to  incomplete  curing  or  the  introduction  of  foreign 
particle;  they  may  result  from  impact  damage;  and  they  may  result  from  interlaminar 
stresses  existing  at  discontinuities  or  at  the  stress-free  edges  of  a  loaded  composite 
structure.  This  mode  of  failure  is  a  major  cause  for  the  deterioration  of  laminate 
structural  properties,  including  its  strength,  stiffness,  reliability  and  durability. 
Furthermore,  delaminations  may  g^ow  under  increasing  load  or  cyclic  loading.  Delamination 
growth  redistributes  the  stress  in  plies  of  a  laminate,  and  may  influence  residual  stiffness, 
res Ldual  strength  and  fatigue  life  expecially  under  compressive  fatigue  loads.  Hence,  a 
fatigue  analysis  for  composite  laminates  should  take  in  to  account  the  presence  and  the 
growth  of  delaminations. 

The  exact  formation  and  growth  mechanisms  of  interlaminar  cracking  in  laminates  are  not 
well  unterstood.  The  general  belief  is  that  a  certain  distribution  of  small  interface 
flaws  with  a  size  in  the  order  of  the  fiber  diameter  exist  in  laminates  prior  to  loading. 

Under  a  critical  loading  condition,  which  include  thermal  (curing)  stresses,  swelling 
stresses  of  moist  laminates  and  external  loadings,  some  flaws  would  grow  and  coalesce 
with  each  other,  forming  a  single  crack  of  macroscopic  proportion.  Such  an  event  would 
constitute  the  onset,  or  the  initiation  of  the  macro-crack. 


5  Phase  lag 

Midplane  strain 
v.jAlt  Poission*w  ratio 

gi»g(2»  Curvature  of  delaminated  parts  (l) 
and  (2),  1/mm 
ea  Stress  amplitude,  N/mm* 
e„  Calculated  lamina  normal  stress, 
i=  1,2,3,  N/mm* 

c i,  Calculated  lamina  shear  stress 
i , j  =  1,2,3,  N/mm* 

o„0ye.  Laminate  normal  stress  in  x-»  y-, 
and  z-direction 
©)-  Yield  stress,  N/mm* 

Axial  strength,  N/mma 

subscript 

c  Critical 
d  Damaged 

i  Failure  by  static  loading 
F  Fatigue  failure 
l  Longitudinal 
T  Transverse 
R  Residual 

superscript 

u,l  upper,  ower 
y  Yield 

11  M2)  Portia  ,  2 
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In  a  fiber  composite  laminate  made  of  (0/-A5/90]s  stacking  sequence  the  damage  develop¬ 
ment  under  tension  load  usually  starts  with  the  appearence  of  matrix  cracks  in  the  off- 
axis  90°  -plies  transverse  to  the  load  direction.  As  tension  load  or  load  cycles 
inereases.the  matrix  cracks  in  the  off-axis  plies  grow  up  to  the  adjacent  layer  and  a 
characteristic  pattern  of  matrix  cracks  forms  as  shown  in  Fig.  l.?  see  internal.  A  stable 
pattern  of  regularly  spaced  matrix  cracks  develops  in  each  off-axis  ply  predictable  by 
a  simple  one  dimensional  model  [l]  .  Kiefsnider  named  this  pattern  the  characteristic 
damage  state  (CDS)  for  matrix  cracking.  Where  the  matrix  cracks  terminate , . local  interface 
cracks  frequently  form  at  the  ply  boundaries.  For  the  purpose  of _ illustration  a  [0,90JS 
laminate  is  presented  in  Fig.  1.  During  the  cyclic  loading  localized  delaminations 
develops  in  the  boundary  between  the  0°-and  90°-  layer  (see  item  No.  2)  mainly  at  the  edges 
of  the  specimen,  but  in  the  interior  also  (see  for  example  item  No.  3)  [2] ,[3] 

Early  investigators  focused  mainly  on  experimental  and  analytical  work  of  free  edge  induced 
delamination  dn  laboratory  test  specimens.  A  bibliography  of  this  work  is  contained  in 
Ref.  [A]  *  After  one  ha3  an  understanding  of  the  stress  distribution  near  a  free  edge  by 
finite  element  calculations,  the  next  step  in  treating  the  delamination  problem  is  to  ex¬ 
plain  the  mechanism  and  the  criterion  for  the  edge  de lamination.  One  of  the  most  promising 
techniques  for  characterizing  delamination  growth  is  based  on  the  strain  energy  release 
rate  G  during  delamination  growth.  Measured  critical  values  of  G  have  been  used  to  pre¬ 
dict  the  onset  and  the  growth  of  edge  delaminations  in  composite  laminates  (5]  ,  [6]. 

In  the  present  study  a  technique  was  developed  to  characterize  the  onset  and  growth  of 
delaminations  in  composite  laminates.  First,  the  damage  that  developed  in  unnotched 
[  02/+il5/02/-45/0/90  ]s  graphite-epoxy  laminates  under  static  and  cyclic  tension  and  com¬ 
pression  loading  was  determined  by  nondestructive  tost  methods.  During  test  loading  crack 
opening  displacement  was  monitored  to  relate  delaminat ion-crack  opening  with  delamination 
size*  Nexo,  stress  distribution  generated  from  a  finite  element  analysis  was  correlated 
with  observed  damage.  The  resulting  test  data  and  analysis  were  used  to  derive  a  closed- 
form  equation  for  the  edge  crack  opening  a3soziated  with  the  delamination  growth .Finally 
a  correlation  between  delamination  size  and  residual  compression  strength  of  fatigued 
specimens  was  established. 

2.  MATERIAL  AND  TEST  EQUIPMENT 

Laminates  of  [  Dp/+4b/02/-^5/0/90  ]  stacking  sequence  were  fabricated  from  91AC/T300E 
graphite/epoxy  prepreg  tape  in  a  computer-controlled  autoclave  according  to  the  manufac¬ 
turers  recommended  cure  procedure.  Nominal  fiber  volume  of  the  laminate  was  60j(  f  2%. 

The  sixteen-ply  laminate  had  an  average  ply  thickness  of  0,125  mm.  The  380  by  3^0  mm 
panels  were  bonded  with  fiberglass  tabs  of  1,0  nun  thickness  for  the  clamping  reinforcement. 
These  panals  were  cut  by  a  diumond  saw  to  specimens  of  different  siza  depicted  in  Fig. 2. 
Some  of  the  type  II  specimens  had  teflon  tabs  or  an  inflation  agent  embeded  between  the 
boundaries  of  different  layers.  The  coupons  were  stored  and  tested  under  laboratory 
conditions  (21+  1°C  and  50+  5Jt  relative  humidity)  3  to  6  months  after  fabrication.  Eome 
specimens  were~stored  in  a  climatic  chamber  for  different  times  to  obtain  different 
moisture  distributions  and  moisture  contents. 

All  tests  were  conducted  on  a  closed-loop  Schenck  hydraulic  testing  machine.  For  displace¬ 
ment  measurements  strain-gauge  transducers  (SOT)  were  mounted  on  the  specimens.  To  prevent 
slippage,  a  fast  drying  glue  was  applied  on  the  transducer  mount:;  where  touched  the 
specimen. 

For  measurement  of  the  transverse  contraction  and  transverse  crack  opening  displacement 
((’ODD)  on  some  specimens  we  used  the  DFVLH-MDR-Transducer  (magnetic  field  depending 
resistor)  [7]  •  The  mounting  of  the  transducer  on  the  test  specimen  is  3hown  in  Fig.  3. 

After  each  step-loading  or  after  certain  load  cycles,  the  specimen  was  removed  from  the 
tester  and  delamination  size  measurements  (C-scan)  were  made  by  an  ultrasonic  testing 
unit  with  a  narrow  waveband  emitter  [8]  .  For  an  exact  ajustment  of  th."  specimens  in 

the  testing  machine,  the  end  of  the  specimens  and  the  clamping  device  contain  fitting 
holes.  Dye-penetrant-enhanced  radiography  was  not  used  because  of  the  unknown  inf luence 
of  the  penetrant  fluid  on  the  crack  propagation.  A  Philips  SLM  505  scanning  eletron 
microscope  was  used  to  study  and  document  the  topographic  features  of  the  delaminated 
specimen  fracture  surfaces, [9]  Prior  SEM  examination,  gold  was  sputtered  onto  the  fracture 
surface  to  obtain  optimum  resolution  of  the  topografic  features  and  to  minimize  static 
charging  by  the  SEM  beam. 

3.  OBSERVATION  OF  DELAMINATION  GROWTH 

During  both  quasi-static  tenoiun  teats  and  constant  amplitude  tension-tension  fatigue 
tests  on  [  Op / 5 /0o / — ^ 5 / 0/ 90 ]  laminates  the  same  type  of  damage  developed.  First  a  few 
isolated  trans verse^cracks  formed  in  the  90°- plies.  As  these  cracks  grew  in  transverne 
direction  the  crack  spacing  decreased  by  forming  new  transverse  crack3.  These  were 
followed  almost  by  the  onset  of  small  delaminations  along  the  edge  at  the  transverse  crack 
tip  an  seen  in  Fig.  A.  The  length  of  the  small  delaminations  grew  up  to  the  interconnection 
with  an  other  delamination  during  increasing  static  load  or  load  cycles.  Finally  the 
delaminat ion  grew  much  more  rapidly  along  the  length  of  the  specimen.  In  all  caaas 
delaminations  on  both  Bides  of  the  specimen  extended  along  the  entire  specimen  length 
between  the  grips. 
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To  illustrate  the  growth  of  the  cl e lamination  a  few  ultrasonic  C-scans  were  made  on  type  11 
test  specimen  containing  teflon  circles  implants  between  both  of  the  90-degree  layers 
in  the  central  position.  Fig.  5  shows  4  C-scans  of  a  stepwise  tension  loaded  specimen. 

The  rigth  hand  C-scan  was  made  after  final  failure.  This  specimen  fractured  on  the  lower 
side  with  a  V-shaped  delamination  inside  the  measurement  area.  Delamination  started  at  a 
stress  of  about  750  N/mm2  at  both  edges  in  the  boundary  between  the  0-degree  and  90-degree 
layer  and  grew  slowly  .Because  of  the  clamping  effect  the  delamination  shape  was  twisted.  There 
was  no  delamination  growth  during  tension  loading  starting  from  the  implants.  In  the  same 
way  a  test  specimen  with  an  artificial  blowing  agent  de.lamination  degradated  during  static 
tension  loading.  Fig.  6.  The  internal  delamination  started  from  the  sharp  crack  tips  of 
the  artificial  blowing  agent  delamination  and  grew  very  slowly.  The  specimen  failed  at  a 
ultimate  strength  of  1090  N/mm2  after  30$  of  90-degree  layer  were  delaminated.  There  is 
no  significant  difference  between  the  ultimate  strength  of  artificial  delaminated  and  no 
delaminated  specimens.  The  load  at  edge  da lamination  onset  as  well  as  the  load  at  dela- 
mindtion  the  entire  length  and  the  ultimate  load  depend  upon  the  moisture  content  and 
moisture  profile  of  the  specimen.  Fig.  7.  The  tests  were  conducted  in  all  cases  at  a 
temperature  of  21°C. 

By  way  of  contrast  during  compressive  loading  delamination  started  from  the  implants  as 
3een  in  Fig.  8.  No  delamination  was  observed  up  to  the  failure  load  at  the  edges  of  the 
specimen  but  a  small  growing  of  the  central  delamination  was  observed. 

There  are  no  basic  difference©  in  delamination  growth  between  static  tension  test  on  oiw 
hand  and  tension- tension  fatigue  test  on  the  other  hand.  Compared  to  those  behavior  in 
tension-compression  fatigue  test  delaminations  appeared  between  both  the  90 -degree  and 
0  degree  layers  as  well  as  between  the  45 -degree  and  0  degree  layers.  Fig.  9  shows  the 
delamination  opening  of  a  specimen,  which  was  loaded  in  tension-compression  by  a  stress 
amplitude  oa  *  5Q0N/mm*  with  a  stress  ratio  R  =  -1.  After  30.000  cycles  at  the  upper 
stress  state  ofo^=+500  N/mm2  the  delaminated  crack  between  the  0-degree  and  90-degree 
layer  was  opened. The  crack  opening  Bize  is  about  0,1  nun.  Fig.  9a.  The  same  delaminated 
crack  is  shown  in  Fig.  9b  after  unlaoding  to  a  stress  of  o  N/mm1 .  At  this  loading  the 
size  of  ''rack  opening  is  0,02  mm  because  of  the  curing  stress.  Under  compressive  stress 
of  <sj  =  -500N/mm!  delaminations  were  observed  between  the  45  -  degree  and  0-degree  layers. 
Fig.  9c. 

The  delamination  progress  in  the  cycling  test  with  a  ebreas  ratio  R  =  <i/  /i>*  =■  -1  is  Bhown 
in  Fig.  10  (Cyclic  load,  with  0*  =  -oi  =  400  N/mm2)  by  the  aid  of  U-acans  which  were 
taken  after  various  numbers  of  cycles  until  the  test  piece  finally  fraotured.  The 
initiation  of  the  edge  delammatrions  in  the  90°  layers  shows  up  clearly  after  20.000  cycles 
and  also  the  increase  in  delamination  area  at  both  the  test  piece  edge  and  at  the  artifi¬ 
cial  delamination  as  well  a3  at  the  natural  delaminations  which  happened  to  be  present. 

The  edge  delaminat ions  were  also  examined  with  a  microscope.  It  was  seen  that  de laminations 
occours  in  the  interface  between  the  0-degree  and  the  45-degree  layers  alBO. 

In  the  next  illustrations  is  shown  the  pJ.animetered  area  of  thy  delamination  propagation 
during  fatigue  tests.  Fig.  11  and  Fig.  12.  Both  specimen  with  embeded  teflon  tabs  or 
inflation  agent  were  tested  with  ntreva  ratio  R  *  -1  and  an  upper  stress  ofu*  =  400  N/nunr . 
The  growth  of  the  different  delamination  modes  were  planimetered  as  the  number  of  load 
cycles  incrased. 

4.  DELAMINATION  GROWTH  MODEL 

The  monitoring  and  the  accurate  description  of  the  state  of  damage  as  a  function  of  static 
loading  ar.d  time  or  fatigue  loading  is  required  for  successful  development  of  procedures 
for  predicting  the  residual  strength  and  fatigue  life  of  composite  structures.  Most  of 
the  availably  nondestructive  test  i'NDTj  methods,  as  for  example  penetrant  enhanced  X-ray 
radiography  or  Ultrasonic  C-acanning,  require  interruptions  of  testing.  One  have  to 
remove  the  specimens  out  of  the  testing  machine  or  at  least  to  stop  the  test.  The  stale 
of  damage  in  composites  can  be  measured  indirect  without  interruption  during  testing  by 
the  measurement  jf  the  change  of  compliance.  [5]  One  of  the  most  promising  techniques 
fur  characterizing  delamination  growth  ie  baaed  on  the  rate  of  strain  energy  released, 

G,  with  delamination  growth.  Measured  critical  G  values  have  been  used  in  sophisticated 
analyses  [6]  t-o  predict  the  onset  of  edge  delaminat ions  in  unnotchud  composite  laminates. 

In  our  present  3tudy,  a  technique  wa3  developed  employing  the  simple  line-plasticity 
model  (Dugdale-Uarcnblatt  model). 

First,  during  quasi-static  tension  loadings  and  during  fatigue  tests  the  transverse 
deformation  in  the  thickness  direction  at  the  edge  of  the  specimen  was  measured  by  a 
special  home-made  displacement  -  transducer.  Next,  stress  distribution  generated  from  a 
finite  element  analysis  was  correlated  with  the  observed  damage.  Then,  test  data  and 
analyses  were  used  to  derive  a  closed-form  equation  for  the  characterization  of  the 
delamination  onset,  and  the  delamination  growth  in  relation  to  the  crack  opening  displace¬ 
ment  of  the  delamination  (CODD). 

4.1  MEASUREMENT  OF  CRACK  OPENING  DISPLACEMENT 

For  the  measurement  of  transverse  deformation  in  thickness  direction  of  the  specimen  we 
used  the  DFVLR-MDR-Trar.3ducer  (Magnetic  field  depending  resistor).  The  mounting  of  the 
transducer  on  the  test  specimen  is  shown  in  Fig.  3 -Three  halve-circle  small  springs  of 
arall bonding  stiffness  were  glued  in  the  presented  form  at  the  specimen.  The  transducer 
wan  mounted  by  a  vessel  with  two  incorporated  helical  springs  which  supported 
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themselves  at  the  opposite  edge  of  the  test  specimen.  The  tests  were  conducted  in  quasi- 
static  tension  and  constant  amplitude  tension-tension  fatigue.  Fig.  13  shows  the  lead- 
time --functions.  The  quasi-static  loading  was  interrupted  by  unloading-loading  interval 
to  measure  the  crack  opening  displacement  due  to  curing  stresses  after  unloading.  I  like 
to  present  our  i*iret  test  results  of  a  very  extensive  te3t  serie. 

The  first  quasi-static*  tension  test  was  run  at  a  constant  load  rate  of  1  KN/min  =  50  N/mm2/ 
min  up  to  a  maximum  stress  of  a*  =  753  N/mm2  .  The  stress -do format ion  recording  in  Fig.l4 
shows  at  the  left  hand  side  the  nonlinear  lateral  contraction  of  the  specimen  in  thickness- 
or  z -direct ion  (Item  1).  The  maximum  contraction  was  measured  as  em  =  “4pm.  Under  the 
constant  load  there  was  a  creep  deformation  in  z-direction,  After  about  18  minutes  the 
measured  value  of  cm  =  1pm  was  positive  Then  the  Bpecimen  was  unloaded.  (Item  2).  Now  the 
specimen  start  tc  relax  from  =  +3 ,7pm  to  +3*5um  .  After  1  minute  the  specimen  was  loaded 
cnee  morefftein  3)  and  after  1  minute  more,  at  a  total  test  time  of  20  minutes,  suddenly 
the  delamination  crack  starts  as  seen  in  Fig.  15a.  The  crack  opening  displacement  due  to 
delamination  (CODD)  grew  during  constant  loading  with  decreasing  rate  up  to  cm  =  135um 
after  175  minutes.  During  this  period  the  stress -deformat ion  response  oK  sf  (tm)  by  unloa¬ 
ding-loading  of  the  specimen  was  recorded  at  various  intervals  as  seen  in  Fig.  15a. 

(Item  4  to  10).  The  test  was  interrupted  for  18  hours.  Than  the  test  starts  again  with 
a  constant  stress  of  Ok  =  758  N/nun2 .  After  20  minutes  more  the  stress  was  increased  at 
the  constant  value  of  ox  =826  N/mm*  for  3  hours.  After  this  time  the  growth  rate  was  about 
zero  and  the  crack  opening  displacement  cm  =  162pm.  The  size  of  the  deiamination  was 
monitored  by  a  C-acun.  Then  the  specimen  was  carefull  eutted  into  two  parts  to  measure 
with  a  scanning  electron  microscope  (SEM)  the  distance  between  the  crack  tip  and  the  edge. 
During  constant  amplitude  tension-tension  tests  the  stress-deformation  response  of  each 
specimen  was  recorded  at  various  load  cycle  intervals.  Fig.  16  shows  a  typical  stress- 
deformation  response,  The  first  cycle  starts  with  the  increasing  of  the  load  up  to  an 
upper  stress  of  ©*  =650  N/mra2  at  a  stress  rate  of  1  KN/min.  From  this  stress  state  the 
sinusoidal  loading  starts  with  an  upper  stress  of  ©!/  =650  N/mm*  and  the  lower  stress  of 
ale  *65  N/mm2  (StreBS  ratio  It  =  0,1).  The  stress-deformut ion  response  during  the  first 
loading  atop  and  at  various  load  cycle  intervals  seems  to  be  equal  to  that  which  was 
observed  in  the  quasi-static  teat.  From  the  bnginning  of  cycle  loading  the  original  ne¬ 
gative  deformation  of  the  edge  turn  to  positive  values  oa  shown  in  Fig.  17.  The  mean 
value  of  the  displacement  increased  during  the  total  loading  time^but  the  amplitude 
decreased  up  to  2200  load  cycles  and  increased  for  higher  load  cycles.  After  about 
1100U  load  cycles  thei'e  was  a  small  mistake  in  the  load  control  which  leds  to  larger 
displacement.  At  12100  load  cycles  the  stress  amplitude  was  raised  to  shorten  the  test 
time.  After  13000  cycles  the  measured  crack  opening  displacement  remain  constant.  The 
region,  in  which  the  free  edge  deiamination  wan  formed,  lay  in  between  2000  and  2200  load 
cycles.  Fig.  18  presents  the  load  history  and  the  displacement  history  of  the  CODD-MDR- 
gage  for  3  different  states  of  the  damage r.  The  sinusoidal  cycling  lateral  displacement 
response  is  defined  by  the  magnitude  of  the  aoiplitude  1/2  cm  ,  the  mean  value  cm  and  the 
phase  Dug  6'  between  the  stress  cycling  and  the  displacement  response.  At  the  riret  state 
I  the  phase  lag  rf  amounts  to  <f\  =l8o°.  At  the  second  state  II  the  phase  lag  i  runs 

from  <f2  =100”  at  2190  load  cycles  to  i3  *0°  at  2203  cyclco.  Between  these  cyc  le  numbers 
two  displacement  oscillations(the  lateral  displacement  oscillation  and  the  deiamination 
crack  opening  displacement  oscillation,  both  of  the  same  frequency  Superimpose  themselves 
with  a  phase  lag  of  <f2-i80°.  Therefore  the  amplitude  of  the  measured  displacement  cm/2  is 
roughly  zero.  This  state  II  is  the  birth  of  thu  first  small  interlaminar  cracks,  which 
3tarts  at  the  edges  of  the  specimen  from  she  tip  of  the  tranuverBe  cracka  in  the  90°-ply 
(Bee  Fig,  3  Item  4).  As  observed  with  the  stereo  microscope  those  small  interlaminar 
cracks  grew  and  met  another  during  increasing  load  cycles.  The  union  of  the  interlaminar 
ora.eks,  the  socallea  "free  edge  delarunation” ,  effected  the  increasing  of  both  amplitude 
and  mean  value  of  the  displacement  as  seen  in  Fig.  18  at  thu  state  III,  The  transition 
takes  place  between  3000  and  3010  load  cycle.-s.  The  size  of  the  deiamination  was  monitored 
by  Ultrasonic.  C-scan.  The  distance  between  the  crack  tip  of  deiamination  and  the  euge 
of  the  specimen  was  measured  by  SEM. 

4,2  STRESS  ANALYSIS 

To  abtain  quantitative  predictions  of  the  onset  and  growth  of  de 'Laminations  the  finite 
element  program  ASKA  was  usod.  Because  da laminations  form  in  unnotched  laminates  as  a 
result  of  interiamitmi-  at reuses  that  develop  at  the  edges,  a  quabi-three-dimenslonal 
finite  element  analysis  was  performed.  Some  detailes  of  the  analvc  •  are  described  in  [ 1 0 ]  „ 
The  coordinate  system  is  shown  in  Figure  19 .  Only  1/4  of  the  section  needs  be  analysed 
because  of  its  symmetry.  This  quarter  includes  8  layeri  and  half  the  width  of  the  tost 
piece,  which  was  set  at  5  mm  under  the  assumption  that  the  edge  stresses  would  fall  off 
very  rapidly. 

The  results  are  illustrated  3r,  the  following  pictures.  Figure  20  ?howa  the  deformation 
of  a  quarter  of  the  test  piece  section  under  a  tensile  loading  of  a*  -  1  KN/mm2 .  On  the 
lower  and  right  hand  side  picture  edge  ,  the  displacements  of  the  section  in  the 
direction  are  indicated.  All  originally  level  surfaces  exhibit  distortions,  in  the 
vicinity  of  the  edge  under  tensile  stressing;  these  distortions  indicate  the  presence 
of  secondary  stresses  at  the  edges.  The  distribution  of  tensile  Btress  On  jin  the 
individual  layerfe  of  the  laminate  resulting  from  an  applied  tensile  stress  ox  agree 
with  tht*  results  which  would  also  be  obtained  from  the  layer  theory.  Figure  21,  The 
stresses  in  the  C°- layers,  which  carry  the  main  portion  of  the  load,  are  40$  higher 
than  the  applied  moan  tensile  load,  and  do  not  change  markedly  towards  the  edge  of  the 
tent  piece.  The  stresses  o22  arising  as  a  result  of  the  lateral  deformation  in  the 
various  layers  are  in  equilibrium  with  each  other  and  fall  off  to  zero  at  the  edge,  aa 
can  be  seen  from  Fig.  22.  Contrary  to  this,  the  peeling  stresses  Qjj  in  the  90°  layer, 
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Fig.  23  start  from  zero  in  the  middle  of  the  test  piece  in  the  compressive  stress  area 
They  then  pass  through  zero  at  about  0.2  mm  from  the  edge  and  display  a  stresa  peak 
right  on  the  edge  between  the  90°-and  the  0°- layer,  the  height  of  which  cannot  be 
calculated  exactly  by  use  of  finite  element  methods.  An  investigation  conducted  in  the 
Institut  on  the  effect  of  the  mesh  size  of  the  elements^ [10]  assuming  a  linear  law  of 
elasticity,  indicates  that  the  peeling  stress  at  this  point  and  at  the  edge  between  the 
45°- layers  and  the  0°-layers , albeit  here  as  compressive  stress  Oaa  under  applied  stress 
Ok  becomes  infinitely  high  as  the  edge  is  approached*  The  same  conclusion  is  also  valid 
for  the  shear  stresses  On  »  which  are  illustrated  in  Fig.  24  whereas  the  shear  stresses 
O12  and  o?3  within  and  between  the  individual  layers  on  Fig.  25  and  Fig. 26  fall  off  to 
zei’o  at  the  edge.  Of  course  the  manufacture-induced  intrinsic  stresses  between  the 
individual  layers  are  included  in  the  investigation.  With  the  aid  of  the  distribution 
described  of  the  secondary  stresses  033  and  On  at  the  edge  of  a  multilayer  laminate j 
the  crack  initiation  and  the  crack  propagation  already  described  which  are  observed  in 
static  testing  or  in  fatigue  testing  on  an  undamaged  test  piece  can  be  very  well  explained. 
As  in  fracture  mechanics  it  may  be  assumed  that  no  infinitely  high  stresses  are  generated 
in  a  real  material  (in  this  case  the  matrix  resin  between  the  fiber  layers)  because 
of  plastio  deformation.  I  will  deal  with  the  possiblitiy  of  using  fracture  mechanics 
method  on  delamination  propagation  at  a  luter  point. 

Calculations  were  also  carried  out  on  test  pieces  with  a  delamination  crack  on  the  edge 
between  the  90°-layers.  The  peeling  stress  a3a  and  the_3hear  stress  Ou 

at  the  crack  tip  are  of  the  same  order  compared  with  the  corresponding  edge  effect  stresses. 
These  stress  distributions  and  the  deformation  of  the  cross-section  showed  reasonable 
correlation  with  the  observed  damage  that  developed.  Indeed,  examining  O33  and  interlaminar 
shear  stress  distributions  are  helpfull  in  identifying  likely  delamination  sites.  However 
the  calculation  of  interlaminar  stress  distributions  by  finite  element  analysis  are  very 
extensive.  It  is  only  useful  for  special  cases  of  modelling  damage  growth  qualitatively 
because  the  magnitude  01  calculated  peak  stresses  at  the  edge  varied  with  mesh  size. 
Therefore,  an  alternative  approach  based  upon  the  yield  stress  criterion  was  used  to 
pedict  the  delamination  size. 

4.3  CALCULATION  OF  THE  DELAMINAT-ION  OPENINO  DISPLACEMENT 

As  known  from  the  results  of  finite  element  calculations  there  exists  a  stress  concentration 
at  the  edge  of  the  considered  multilayered  laminate  in  the  interface  between  the  90-degree 
arid  the  0-degree  plies .  The  behavior  of  the  matrix  material  in  the  presence  of  this  stress 
concentration  in  interface  can  be  estimated  under  the  assumption,  that  the  extend  of  the 
nonlinear  strese-3train  behavior  is  limited  on  a  small  plastic  zone  around  the  stress 
concentration , 

In  viscoelastic  materials  cracks  can  form  and  propagate  with  very  low  velocities  and 
accelerate  slowly  [11]  .  Therefore,  estimation  of  the  crack  tip  velocity  and  the  craok 
length  at  any  time  become  necessary  to  estimate  the  lifetime  of  a  structure. 

A  linear  elaotic  stress  analysis  shews  that  stresses  at  the  90-0-degree-interface  and  at 
a  crack  tip  become  unbounded .  [10]  .  However,  materials  exhibit  a  yield  stress  o£  above 
which  they  deform  plastically ,  and  thus  there  must  be  a  plaBtic  zone  around  the  stress 
concentration  which  limits  the  size  of  any  stresses.  One  can  model  this  plastic  behavior 
in  a  simple-  lino-plasticity  model  (Dugdale-Barenblott  model). 

To  analyse  the  crack  opening  displacement  c  of  the  delamination  (CODD)  aB  a  function 
of  strip  delamination  size  a  and  of  the  axial  stress  of  the  laminate 

(1)  c  =  f  (a.eK ) 

a  simple  model  was  used.  Considering  a  free  edge  strip  delamination  of  the  size  a  the 
measured  value  of  the  crack  opening  displacement  cj[t  consists  of  (see  Fig.  27) 


c.  is  the  displacement  due  to  different  transverse  contractions  v12  of  the  single  layers 
in  both  unbalanced  (unsymmetric )  delaminated  strip  induced  curvature.  c2  means  the 
displacement  due  to  curing  stresses  induced  curvature ;r,  the  displacement  due  to 
transverse  contraction  v,3  and  the  displacement  due  to  yield  Btrsss  at  the  vicinity  of 
the  crack  tip, 

To  calculate  the  displacement  c.^  parte  of  the  general  constitutive  equations  for  the 
laminate  (see  for  example  [12]  x) 


5^ 


have  been  used,  where  N  and  M  are  the  resultant  forces  and  moments  acting  on  the  laminate. 
A,  B  and  D  are  called  the  extensional  stiffness  matrix,  coupling  stiffness  matrix  and 
bending  Btiffness  matrix,  respectively.  eS  is  called  the  midplane  strain  and  k  the  plate 
curvature.  This  curvature  can  be  expressed  for  the  y-direction  as 


The  main  coupling  terms  of  the  general  constitutive  equations  (3)  for  this  case  are 
(5)  m y  .  B,J  e;  *  0!2ky 

where  the  moment  My  =  0.  Combining  Eqs.  (4)  and  (5)  and  integration  leads  to 
( l  (a-»ao)2 

(7)  *'*>.  iSISsll 

Og  2 

where  the  subooriptsdenoto  the  coordinate  axis  and  the  superscripts  Cl)  and  (2)  denote 
the  delaminated  parts  of  the  specimen.  Therefore  the  displacement  due  to  different 
transverse  contraction  is: 


(8) 


=■ 


r(2I\ 

(□+a  _  lli.1 

l  O'1'  D'»/ 


The'  displacement  ca  due  to  curing  stresses  induced  curvature  can  be  expressed  as 


(9)  ca  =  (^S^Uo^J2 

where  j1"  and  yl2lare  the  individual  curvatures  of  the  delaminated  partB  of  the  specimen. 
The  transverse  contraction  or  the  whole  laminate  is 

(10)  c 3  -  e!  v„  IdP’.d181)  =  e°,  v,3d 

where  d  =  d^1^  +  d  ^  is  the  thickness  of  the  specimen.  At  least  the  displacement 
due  to  constant  yield  stress  oj  can  be  estimated  like  a  clamped  beam  with  partly  uniform 
load  distribution  of  the  length  a0  as 


(ID  c< 


Substituting  Eqs,  8  to 


11  into  Kq. 


2  yieldB 


(12)  cm 


W 


n«l 

012 

(2| 

22 


[) 


Ic+aJ 


where  e!  =  0,/AM. 

In  Eq.  12  all  tho  properties  are  known  exept  the  length  of  the  plastic  sone  o0  .  Assuming 
that  n„  is  a  material  property,  we  can  estimate  the  value  of  o0  by  the  measurement  of  c m 
on  a  virgin  test  specimen  at  delamination  onset  streBB  o„  .  In  this  case  the  crack  length 
is  a  =  0  and  therefore  from  Eq.  12 

(13)  a„  •  f  (c,„  .oj. 

For  the  tested  laminates  of  the  stacking  sequence  [o  /+45/0  ('-45/0/90],  fabricated  from 
914  C/T300B  graphite  epoxy  prepreg  tape  the  amount  of  calculated  plastic  tone  is  o„  =  0,5mm. 
The  effective  modulus  properties  of  uach  unidirectional  ply  used  for  calculation  are 

Ei  =  150  kW/mmJ ,  ET=  10.000  kN/mm* 

0LT  =  5  kN/uiir  and  vtI=  0,30  . 

With  these  properties  the  extensional  stiffness  A„  ,  the  coupling  stiff.  .  ■■  n'u  and  Dij1 
the  bending  stiffnesses  and  u'/j1  and  the  curvatures  due  to  cu  ing  stresses  and  9121  ’ 

were  calculated  by  using  classical  lamination  theory  for  both  delaminated  parts. 


5-7 


For  our  example  these  properties  are 


An  =  107,261  KN/min 
Bfi  2  =  3,6765  KN 
D$ =  4 ,5380  KN/mm 
W,1J  2  0,00393^  i/mm 
<*\  2  0,06  KN/mmJ 


B$  =  -0,1739  KN 
Dg  =  0,9136  KN/mm 

9,2i  =  0,000956  1/mm 

Q»  =  0,758  KN/mm* 


The  curvatures  g  were  estimated  for  a  difference  of  temperature  AT  =  100  K  between  test  tempera¬ 
ture  and  glass  transition  point.  The  strip  delamination  3ize  a  was  calculated  by  the  Eq.12  as  a 
function  of  the  crack  opening  displacement  cw  .  The  results  were  compared  with  the  size 
of  edge  delamination  for  different  delamination  3tates  on  several  test  pieces.  Therefore 
de lamination  sizes  wore  observed  by  C-scans  and  by  a  scanning  elektrori  microscope  (SEM) 
after  ending  the  test  and  cutting  the  specimen  transverse  to  the  load  direction.  A 
comparison  mude  between  the  measured  and  the  calculated  stress-displacement  curves  at 
different  delamination  states  is  shown  in  Pip. 28  for  a  quasi-stat ic-te3t  and  in  Fig.  29  for 
a  fatigue  test.  The  estimation  was  carried  out  under  the  assumption,  that  ai  (  in  the 
place  of  a0  at  Eq.  12)  is  growing  linear  with  the  increasing  stress  a*  up  to  the  critical 
□tress  o m c  of  the  dclamination  onset.  (  q0  =  o0oH/(5xc  ).  A  good  correlation  was  achieved 
for  the  measured  and  calculated  stress-displacement  curves. 

We  are  3till  working  on  the  formulation  oT  delamination  growth  as  a  funktion  of  time  t, 
a  2  f  ( o x  >  t  )  and  a  2  f  (0a.H ,N  ,1  )  ,  and  on  the  problem  of  strain  energie  release  rate 
associated  with  the  dclamination  growth  also  in  relation  to  the  change  of  specimen  axial 
compliance.  [5]  » 

The  objective  is  to  combine  the  degradation  due  to  growing  delamination  size  in  tension- 
compression  cycling  with  the  residual  compressive  strength  of  fatigued  and  partly  buckled 

specimens. 


5.  FATIGUE  AND  RESIDUAL  STRENGTH  MODEL 


During  quasi- static  comprcsjlve  testing  or  fatigue  testing  with  considerable  amplitudes 
of  compressive  stress,  failure  occurs  by  the  buckling  or  kinking  of  individual  fibers, 
fiber  bundles  or  fiber  layers  which  are  more  or  less  supported  by  the  matrix  resin.  The 
supportive  effect  .is  reduced  as  the  dclamination  progresses,  under  both  tensile  and 
compressive  loading.  Fracture  occurs  finally  when  a  portion  of  the  croBB-section  buckles 
and  the  remaining  cross-section  is  no  longer  sufficient  for  the  transmission  of  the  applied 
loading,  The  effect  of  the  antibuokling  support  which  holdB  the  test  piece  either  over  the 
entire  area,  or  on  a  center  line,  or  on  the  2  edges  of  the  gauge  area,  must  be  taken  into 
consideration.  Whilst  the  delamination  state  of  a  test  piece  in  multi-luyered  CFHP  has  no 
material  influence  on  the  resicluul  tensile  strength  or  on  the  tensile  fatigue  strength, 
test  pieces  with  delaminations  are  especially  sensitive  to  compressive  loading. 


If  thu  dulumlnution  state  of  a  multi-layered  test  pteoo  during  cyclic  loading  is  to  be 
describe  ,  a  foi’mulatiori  from  fracture  mechanics  muy  be  used  Tor  the  purpose  [13  ,  14  ]  .The 
growth  of  crack  length  (  or  in  this  case  the  delamination  size  a) with  increasing  number 
of  cycles  N  is  shown  by 


(1,,>  w 


y  o 


where  6  is  a  reference  stress  in  the  vicinity  of  the  delamination  crack  tip*  g,  *  anc 
m  are  constants  to  bu  determined  empirically.  By  integration  and  insertion  of  limits 
for  N  =  0  with  a  =  ut  and  for  N  -  N«j  with  a  =  ad  the  number  of  loading  cycles  N  Is 
obtained  which  corresponds  to  the  delamination  size  ad : 


(lb)  N,  .  |  a'J"”1  -  a1,1-™1  )  I  [t-ml  90* 


Now  wo  assume  that  the  test  piece  fractures  due  to  compressive  loading  when  the  delamination 
size  a  reaches  a  critical  value  [15)  .  As  3hown  in  Appendix  A  the  critical  delamination 
size  a  for  a  cyclic  loaded  specimen  can  be  expressed  as 


(16) 


3*. 

<3( 


A_  JI_ 

h  Ej 


where  de  Is  the  critical  compressive  stress,  <3t  the  compressive  strength  of  the  virginal 
specimen,  A  the  cross  section,  h  the  thickness  of  delamination  strips,  E  the  modulus  of 
thu  non  delaminated  und  Ej  the  modulus  of  the  delaminated  cross  section.  In  the  case  of 
fatigue  failure  the  specimen  will  fracture  after  N  load  cycles  at  the  compressive  cycling 
stress  amplitude  G^-  =  Oj  when  the  critical  delamination  size  ad  -  aF  ia  reached. 


(17) 


A  JL 

h  Uj 


In  the  cane  of  reaidual  strength  test  of  a  fatigued  specimen  .after  NR  load  cycles  the 
critical  damage  size  ad  =  an  can  be  expressed  by 


<“>  “'I’-aMfi 
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where  is  the  residual  strength.  The  damage  state  D  can  be  formulated  as  a  function  of 
dimensionless  number  of  load  cycleB. 

(19)  D  .  f  (*)  . 

Substituting  NH  and  Nf.  by  Eqs.  lb,  17  and  18  yields 


(20) 


o  c  f  (Sl2Sb 
1  \Of -Opj 


For  our  further  considerations  we  will  use  the  simple  expression  for  the  damage  state  due 
to  delamination 


(21) 


D 


\  Of-eu  /  • 


The  validity  of  this  formula  was  controlled  by  fatigue  tests. 

6.  FATIGUE  TESTS  AND  HKSIDUAL  STHUNOTH* 

Fatigue  teste  wore  carried  out  on  type  I  specimens  with  a  gauge  length  of  lb  mm  to 
determine  the  number  of  load  cycles  to  fracture  under  constant  stress  amplitude  with  the 
stress  ratios  of  K  *  -1.0  arid  H  =  0.1.  The  results  are  illustrated  in  Fig.  TO. 

The  specimens  were  supported  over  their  entire  area  against  structural  buckling.  In  order 
to  determine  the  damage  state  of  the  teBt  pieces,  additional  specimens  were  subjected  to 
fatigue  loads  at  K  s  -.1.0.  After  certain  number  of  eyolus  N  the  residual  strength  were 
chucked.  The  results  of  the  residual  strength  tests  are  plotted  versus  the  number  o.f 
louding  cycles  N  n  in  Fig.  31.  The  residual  compressive  strength  falls  off  continuously 
with  the  approach  to  the  number  of  cycles  to  fracture  N*.-  ,  clown  to  the  fatigue  stresso^. 

Thu  residual  tensile  strength  shows  no  significant  change  in  comparison  with  the  static 
strength. 

Thu  illustration  of  residual  strength  investigation  in  this  form  iB  very  complex.  In  Fig. 32 
the  damage  state  D  of  the  test  specimens  is  shown  with  reference  to  the  progress 
of  dolumination ,  Since  the  test  results  are  naturally  ooattered,  the  equation  (21)  was 
expanded  by  a  number  of  terms  which  take  account  of  this  scatterin' 


(22)  0  =  Lll-il  (o  fuSHV-" 

\  0|  -o  h  / 


where  cC  =  oC,  ♦  oC 

and  c<i  =  statistical  scatter  for  u  given  failure  probability  F  based  on  static  strength. 

V  =  average  damage  of  a  virginal  test  piece  with  a  failure  probability  of  bOJC , 

-  statistical  uoattur  for  a  given  survival  probability  Py  based  on  the  load  cycles 
to  failure. 

Tho  corresponding  scatter  distributions  and  curves  of  equal  survival  probability  l\  =  90* , 
!?0JC  and  10%  are  shown  in  Fig.  32.  The  damage  D  to  bo  determined  in  the  residual  strength 
investigations  is  calculated  from  equation  (20)  and  entered  into  Fig.  32.  The  exponents 
m  determined  from  the  test  results  as  m  =  0,4b.  As  can  be  deduced  from  Fig.  32,  the 
delamination  progress  can  be  described  satisfactorily  with  the  aid  of  equations  (17), 

(18)  an  (21),  taking  account  of  the  scattering  of  the  test  results. 

7 .  SUMMAHY 

Ill  the  present  utudy  a  technique  was  developed  to  characterize  the  onset  and  the  growth  of 
edge  delanri nations  in  mu.lt i directional  composite  laminates.  The  do lamination  that  formed 
under  static  and  cyclic  loading  in  the  interface  between  the  layers  of  the  laminates 
was  determined  by  ultrasonic  C-scuns.  During  test  loading  tho  transverse  contraction  and 
tlu*  transverse  crack  opening  displacement  due  to  peeling  stresses  were  monitored.  The 
observed  onset  of  delaminations  was  correlated  with  the  stress  distribution  generated 
from  a  finite  element  analysis.  The  test  data  and  the  analysis  were  used  to  derive  a 
closed- form  equation  for  the  delaminution  uir.u  associated  with  the  onset  of  cracks  and 
the  crack  opening  displacement.  Those  defects  progated  slowly  owing  to  interlaminar  stresses 
up  to  an  arm,  which  is  critical  against  buckling  of  parts  of  the  dolamiriuted  test 
specimen  in  the  catie  of  tension-compression  fatigue.  A  correlation  between  delamination 
size  and  residual  compression  strength  of  fatigued  specimens  was  derived. 
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APPENDIX  A 

A  deiamination  propagation  model  under  peeling  stresses  O33  (mode  I  condition)  may  be 
expressed  in  a  form  similar  to  a  orack  propagation  model  in  metals  and  is  given  by  the 
Eq.  14.  Let  the  initial  defect  characterised  by  a  deiamination  size  =  0  and  the  size 
after  a  number  of  loading  cycles  Nd .  The  integration  of  Eq.  lh  yields 

(Al)  Nd  ■  aV^O-mJgO* 


Assuming  the  edge  delaminations  ai  in  the  multilayer  composite  develope  symmetrical 
from  the  edges  to  the  center  plan* of  the  specimen  as  shown  in  Al.  Than  we  may  define 

the  delaminated  area  A*  sAjsiajh.  and  the  non-delaminated  area  A  =  A  -  A*  ,  where  A  =b  d 

means  the  total  cross  section.  The  load  distribution  on  both  parts  of  the  cross-section 
is 

(A2)  IV  =  f.  'V,  *  1*1 

It  was  observed  in  tension-compression  fatigue  teati  and  residual  strength  tests  that 
parts  of  the  cross  section  failed  by  buckling.  The  buckling  load  of  the  delaminated  section 
1  which  buckles  at  first  can  be  expressed  by  [lb]  ,  [16 ] 


U.A. 

a  *  It  w>Ei 

1  HlV 

'  '  12|1-VL2T1 

l  Qj  J 

1  l2ll-vLsr) 

V  Qj  ) 

where  kj  iu  the  compressive  buckling  coefficient  for  flat  plates  with  one  single  supported 
edge  and  three  clamped  edges  as  shown  in  b'ig.  A  2  [lb]  .  The  value  of  the  buckling  coeffi¬ 
cient  is  2,0  >  kj  >1,2!!  During  fatigue  loading  the  delamination  will  grow  up  to  the 
de lamination  size  ar.  .  Than  the  strip  becomes  instable .  It  will  be  assumed  that  the 
peslbuckling  load  of  the  delaminuted  strip  remain  constant  and  equal  the  buckling  load 
during  increasing  strain  (see  Vig.  A3  and  [ 1 7 ]  ).  With  increasing  number  of  load  cycles 
the  d Miami nut ion  growth  will  continue  Hue  the  buckling  load  wil 1  decrees©  after  liq.  (A3), 
dee  Pig.  A4.  When  a  certain  part  of  all  delaminated  utripo  become  instable  the  remaining 
non-delaminated  crons  section  will  l’aile  because  of  exceeding  ita  static  strength  (or  the 
failure  strain) .  Those  considerations  are  transferable  on  the  behavior  of  a  delaminated 
laminate  on  rosidual  strength  test. 

Tho  residual  strength  at  a  certain  number  of  load  cycle  N  can  be  expressed  from  Kq.  (A?) 


(A'l)  On 


isl 


Ui  hj 

A 


-('-■*¥) 


where  0**,  =  V,  /  Uj  h,  and  Pj  are  the  buckling  loads  after  Eq.  (/  5).  To  form  a  very  simple 
relationship  between  residual  strength  and  delamination  size  we  assume  that  hi  =  li  5  const, 
2i‘t  0|  b,  =  uN  h  (where  un  the  delaniinatiun  state  after  N  number  of  loud  cycles). 

-  E.  •  t  and  u*  ^  K  *b  ■  With  regard  to  buckling  stress  and  the  above  simplifications 
the  residual  strength  yields 


(Ah) 


On 


UtSt  #1] 


where  t,  =  2  was  used.  Assuming  (On  /Ot  -I)2  A* Mh2>2h2  Iti  the  cri  tical  dulumination  size  can 
be  expressed  for  the  residual  strength  and  for  the  failure  load  cycle  as 

uh  =  1 1-2*-  )  and  u.  -  [l.  -‘Ji-  )  respectively,  (see  Kqs.  (l(i)  to  (Id)). 

\  o<  /  h  Li  \  /  h  Ui 
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1  (Jljaraolerlutiu  pattern  of  matrix  cracku  and  delamination  unuet  in  the 
interlaminar  plane  between  the  U-degree  and  the  QO-dagrcc-layers 


Type  1  Typw  D 


2  Types  of  teut  upccimcnn 


Fig.  J  Mounting  of  the  MDR-COD  transducer 


Truir-vers*  Crocks  Edge  Delamination  Cross  Section 

Onset  Spunning  the  Entire 

Length 


Fig.  ^  Formation  of  edge  delaminations  during  increasing  tension  load  or 
increasing  load  cycles 


State  ol’  delaminations  under  utep-wine  tenuili*  loading  to  1‘raeturu 
Ultrasonic  C-ucano  oi’  the  teat  upon  Linen  containing  teflon  circles 
implants 


--  Displacement  c 


C'oth  optning  diiplattmtttl  c. 


Pig.  iC  Typiual  stress-displacement  response  for  various  numbers  of  load 
cycles  in  tension-tension  fatigue  teat 


Fig.  17  Envelope  of  displacement  cm  at  the  upper  ana  the  lower  stress  during 
tension-tension  fatigue  test 


Displacement  c*» 


Pig.  18  Load  cycling  and  displacement  response  for  three  various  states 
during  fatigue  test 

State  I  s  Creep  phase.  State  II:  Onset  of  delamination 
State  III  :  Growth  of  delamination 


Fig.  19  Coordinate  System 


Pig.  22  Transverse  stresses  o32  in  the  individual  layers  resulting  from 
longitudinal  stress  a*  =  1000  N/mm* 


Pig.  23  Transverse  stresses  o33  in  the  individual  layers  reaulting  from 
longitudinal  stress  a*  =  1000  N/iran2 
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- -w*  Crock  Qpttning  Displacement  cm 


l«'ig.  2d  Mcaoureci  und  ouDoulalud  uti'eau-diupluecinont  rcuponuc  for  the 
quufji-Ptatle  toot  .Culculuted  curven - 


- ^  track  op«niny  (Jltpidbaminl  cM 


Viy,.  2 y  Measured  and  calculated  8 t re sb -displacement  ruoponue 
Calculated  curves  — —  — 


Max.  Cycling  Stress,  6; 
Residual  Stress  (Ten..Ccmpr;) 


Fig.  31  fl-N-curv'j  and  ruoidual  strength  after  cyclic  loading. 


Distribution  of  Load 
Cycles  to  Failure 


b'ig.  5,7  Damage  ututu  D  duterminated  From  compri’Uaivi*  reaidual  utrunglh 
after  fatigue  cycling. 
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SUMMARY 

- j  This  report  presents  results  concerning  the  effect  of  delaminations  on  static  and  fatigue 

strength  of  carbon  fibre  composites.  The  delaminations  hava  been  introduced  artifically 
into  solid  lamina tec  and  sandwich  structures  by  mean?  of  folded  teflon  patches.  Th£, 
effects  of  delamii.at ^ ona  caused  by  low  energy  impact  have  also  been  Investigated 

The  tests  have  been  carried  out  both  at  room  temperature  and  at  120"C  in  the  Mas  re¬ 
ceived"  as  well  as  in  the  wot  condition. 

For  the  sandwich  structure  design  no  loss  in  fracture  strength  could  be  found  even  in  the 
case  of  fatigue  and  built-in  delaminationa. 

The  same  results  are  valid  for  the  ehwur  angle  specimens. 

No  significant  loss  in  compression  strength  caused  by  6  x  6  nun  delaminations  was  found, 
although  12  it  12  and  12  x  25  mm  dularainations  have  shown  a  considerable  reduction  in 
strength. 

The  effect  of  delaintnationo  caused  by  low  energy  impact  was  found  to  be  no  greater  than 
that  of  a  6  nun  open  hole  which  is  always  taken  into  account  in  the  MBB  design  philosophy. 

INTRODUCTION 

Carbon  fibre  reinforced  plastic  (CFKP)  materials  are  playing  a  more  and  more  important 
■ole  in  advanced  aircraft  design  duo  to  their  high  specific  strength  and  stiffness.  A 
rot  of  mechanical  values  and  characteristics  are  already  well  known,  but  there  are  still 
some  problems  to  be  resolved.  One  of  this  features  is  the  behaviour  of  de laminations  in 
CFKP  with  regard  to  tension  and  compression  strength  and  stiffness. 

Amongst  other  manufacturing  dofucts  (e.g.  porosity,  winkles,  fiber  breakout  at  drilled 
holes) ,  delaminations  are  contributing  to  a  certain  amount  of  scrap,  because  of  the 
stress  engineers  lack  of  knowledge  about  the  influence  of  delaminationa  on  static  and 
fatigue  strength. 

To  gain  experience  it  would  be  desirable  to  load  scrapped  parts  with  natural  defucts 
till  fracture  and  deduce  from  the  test  results  a  tolerable  defect  size.  Unfortunately 
in  moBt  cases  it  is  impossible  to  load  a  single  part  out  of  a  complex  structure  re¬ 
presentatively.  Therefore  specimens  with  representative  defects  and  loading  are  tested 
and  the  results  are  read  across  to  the  structure.  Delaminationa  can  result  from  miscuring 
solid  laminates  or  they  can  be  caused  by  impact.  Another  type  of  delaminationa  is  a  mis- 
bond  between  solid  laminates  and  honeycomb. 

To  get  information  about  the  influence  of  delnmlnations  on  important  mechanical  proper¬ 
ties  and  on  typical  features  of  dc  sign  the  following  investigations  have  been  carried  out 
at  MBB: 

Effects  of  delaminationa: 

1)  in  sandwich  structure  design,  being  ispresen Lative  for  the  interface  between  solid 
CFRP  and  honeycomb,  where  defects  are  likely  to  occur. 

2)  on  shear  angles,  being  representative  of  channel  members 

3)  on  the  compressive  strength  of  solid  laminates 

4)  caused  by  low  energy  impact. 

Investigations  have  been  carried  out  both  at  room  temperature  (RT)  on  "as  received" 
specimens  and  in  the  hot/wet  condition,  since  some  strength  properties  of  CFRP  are 
significantly  reduced  at  elevated  temperature  by  absorbed  moisture. 


GENERAL 


The  unidirectional  prepreg  materials  used  for  the  investigations  presented  in  this  paper 
were  Flbredux  1 1 4'VT300-GK  and  Fibredux  914C/XAS-10K  from  Ciba  Geigy  with  either  34%  or 
40%  resin  content.  The  Toray  T300  fibre  was  used  in  investigations  1,  3  ind  4,  whereas 
the  Courtaulds  XAS  fibre  was  used  in  2.  The  difference  in  the  mechanics  properties  due 
to  the  two  types  of  fibre  is  not  significant  for  these  investigations,  therefore  the 
results  are  applicable  to  both  prepreg  systems. 

In  investigation  1,  the  woven  fabric  material  Fibredux  914C/G8G3  (Fibre  T300-3K)  with  40% 
resin  content  was  used,  too. 

The  film  adhesive  Redux  3i9A  has  been  used  fc*.  the  bonding  between  solid  laminates  and 
honeycombs . 

All  teit  pieces  have  been  manufactured  in  accordance  with  the  MBB  manufacturing  and 
quality  assurance  standards.  Two  methods  n<we  been  used  to  get  the  zero-moisture  datum 
for  the  test  items  to  be  conditioned  in  tlv*  climate  cabinet  to  representative  moisture 
2  f:vels. 

These,  are: 

-  trim  traveller  specimen  after  cure  and  weigh  immediately  after  post  cure 

-  reiT.iv  traveller  specimen  with  urdv.iined  moisture  level  in  an  oven  3  days  at  70SC, 

3  days  at  90°C  and  x  days  at  110*C  till  constant  weir'.'t  is  ranched. 

was  shown  thi .  those  procedures  are  producing  an  equivalent  zero-moisture  datum. 

All  moisture  levels  wht:h  are  quoted  in  this  paper  have  bn  recalculated  to  a  fibre 
voluble  fraction  of  60  Vol .  %  . 

Tbo  elevated  test  temperatures  have  been  applied  to  :he  specimens  by  means  of  circulated 
hoc  av  or  infrared  heaters. 

The  do i «tp«ina t ions  vnich  have  been  artificially  incorporated  into  the  specimens  have  been 
simulated  by  folded  teflon  patches.  This  method  has  been  found  to  be  the  i  >st  satisfac¬ 
tory  method  in  comparison  with  other  trials  which  have  been  made  to  simui  e  delarai nations 
by  various  methods. 


TESTING  AND  RESULTS 

ad  1)  The  thre,?  point  bending  sandwich  specimen  shown  in  Fig.  1  was  designed  to  represent 
a  typical  i ectior  of  a  spine  hood  or  access  door  of  a  fighter  A/C.  The  outer-skin 
is  uirde  fror.  16  plys  of  unidirectional  prepreg,  the  core  is  Nomex  and  the  inner 
skin  1m  manufactured  from  two  plya  of  fabric. 

Into  the  specimen  three  delaminations  with  a  size  of  eithur  18  x  9  mm  or  18  x  6,5  mm 
have  been  incorporated  between  the  solid  laminate  and  the  honeycomb  core  in  areas 
which  are  considered  to  be  critical. 

All  specimens  have  been  conditioned  at  »#C  and  70%  R.H.  to  a  moisture  content  of 
* « 2%  and  tr.e  test  temperature  for  the  residual  strength  was  always  120*C. 

The  test  programme  and  fatigue  block  diagram  can  be  seen  In  Fig.  2,  the  individual 
test  «. 2 su Its  in  Fig  3,  It  can  be  demonstrated  that  neither  fatigue  representing 
16000  flight  ours  nor  fatigue  plus  built-in  delaminations  have  shown  an  effect 
on  the  residual  fracture  load  :r  th;  specimen  deflection  at  fracture.  otrain  aauge 
nigasurementfl  in  the  regions  of  delaminat Ions  have  shown  an  increase  in  local  strain, 
\rt  this  had  no  significant  effect  on  the  fracture  load  and  failing  mode. 


ad 


Tne  shear  angle  specimen  presented  In  Figs.  4  and  5  is  considered  to  be  represent- 
tat  ve  for  shear  carrying  channel  members.  Delamination  like  defects  have  been 
found  tu  1  1  mold  frequent  in  radii  than  in  flat  items.  Therefore  the  delamination 
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standard.  The  test  object!*  was  to  demonstrate  that  the  effects  of  do laminations 
in  radii  as  shown  in  Fig.  4  are  covered  by  stressing  the  part  to  carry  the  bearing 
load  in  the  sides  of  the  angle.  The  defect  size  and  position  is  shown  in  Fig.  4. 

All  types  of  specimen  have  been  tested  in  tension  at  room  temperature  and  in  the 
as  received  condition  because  -he  tension,  load  creates  shear  stresses  in  the 
drRP— nnql es. 

The  specimens  with  built-in  delaminetions  have  been  conditioned  to  1%  moisture  at 
8 7 °C  and  95%  R.H. 

Some  of  the  wet  specimens  were  subjected  to  fatigue  according  to  Fig.  6.  Within  one 
block  of  loading  representing  20  Simula  ..ed  flights  the  temperature  of  the  specimen 
was  raised  from  room  temperature  to  a  maximum  of  90®C  and  than  cooled  down  to  RT 
again  (Fiq.  6).  '’’he  accumulated  fatigue  1.  ad  is  representative  of  4000  flights.  A 
load  factor  of  1.4  was  applied  to  cover  16.000  flights.  The  moisture  content  of  the 
CFRP-angles  wan  monitored  oy  a  traveller  specimen  during  fatigue  and  re  soaked  to  the 
1%  moisture  level  if  a  significant  drop  ii.  moisture  content  occured.  The  residual 
strength  tests  in  test  conditions  D  and  C  have  been  performed  in  tension  at  a  tost 
temperature  of  120°C  and  a  moisture  level  of  1% 


At  room  temperature  the  results  JFig.  7)  show  a  small  drop  in  strength  between  the 
reference  specimen  and  the  specimen  with  built-in  defects.  The  hot/wet  tests  show, 
of  course,  a  loss  in  strength  versus  the  room  temperature  values,  but  the  results 
are  well  within  the  expected  limits.  The  most  suprising  effect  is,  that  the  mean 
residual  strength  of  the  fatigue  specimen  is  even  slightly  higher  than  the  static 
strength.  Furthermore,  no  significant  difference  in  fracture  load  between  the 
specimen  of  type  1,  2  and  3  could  be  found.  The  failure  mode  of  some  specimens  was 
filmed  by  a  high  speed  camera  and  it  was  found  that  the  specimen  failed  fir** 
around  the  holas  in  the  thinner  part  of  the  shear  angle.  An  initiation  of  failure 
caused  by  the  built-in  delaminations  could  not  be  found. 

ad  3)  The  hot/wet  compressive  strength  is  one  of  the  most  critical  properties  in  the 
proper  design  of  CFRP  structures.  Therefore  the  effect  of  moisture  was  combined 
with  the  effect  of  delaminations  to  look  for  further  loss  of  strength.  After  manu¬ 
facture  of  large  panels  the  location  of  the  delaminations  was  found  by  ultrasonic 
inspection  and  a  single  specimen  was  machined  out  of  the  panel  In  a  manner  such 
that  the  middle  of  the  defect  coincided  with  the  middle  of  the  specimen. 

The  position  of  the  de laminations  with  respect  to  the  surface  can  be  seen  m  Fig.  8. 

A  number  of  the  specimens  was  tasted  at  room  temperature  in  the  as  received  con¬ 
dition.  the  rest  were  conditioned  at  70°C  and  70%  R.H.  to  a  moisture  content  of 
1,1%.  Buckling  of  the  specimens  was  prevented  by  anti-buckling  guides. 

The  results  on  Fig.  9  show  that  not  only  at  room  temperature,  but  also  at  120*C  in 
the  wet  condition,  there  is  a  significant  drop  in  strength  for  the  specimens  with 
the  12  x  12  and  12  a  25  mm  delaminations.  A  small  loss  of  strength  for  the  case  of 
the  6  x  6  mm  delarainat J on  can  be  seen  at  room  temperature  only. 

Tho  position  of  the  dolamination,  too,  is  an  important  parameter.  Equal  sired  de¬ 
fects  chow  less  influence  towards  the  center  of  the  specimen. 

ad  4)  The  test  work  done  at  HUB  on  low  energy  impact  covered  a  large  variety  of  parameters. 
In  this  paper  only  the  results  of  impact  induced  delaminations  are  presented. 

The  specimen  geometry,  the  impactors  and  the  lamina  bis  used  in  the  investigations 
and  the  test  programme  can  be  seen  in  Figs.  10  and  11.  An  aluminium  honeycomb  of 
10  mm  height  was  bonded  to  the  impact  zone  of  the  tension  specimens  to  simulate 
impact  on  a  sandwich  structure.  After  impact  the  honeycomb  was  removed  from  the 
specimen  by  moans  of  machining.  The  laminates  used  are  representat lve  of  a  tailoron 
for  a  military  A/C. 

Impact  was  simulated  by  dropping  tools  like  a  scr^w  driver  and  a  hammer  with  a 
weight  of  115  g  and  300  g  respectively.  The  impact  energy  was  varied  by  different 
dropping  heights. 

Runway  debris  was  simulated  by  glass  bulbs  of  22  mm  diameter  and  14  g  weight.  The 
impact  velocity  was  recorded  by  light  barrier?.  A  part  of  the  specimen  was  pre- 
loaded  at  impact  '  •».  3  and  0.3  Limes  the  fracture  load  to  simulate  the  effect  of 
impact  on  loaded  structures. 

All  impact  parameters  have  been  chosen  in  a  way  that  barely  visible  impact  damage 
( BVID )  or  visible  impact  damage  will  occur.  This  was  done  to  ensure  that  invisible 
damage  will  be  covered  in  any  case  by  our  design  concept.  The  specimens  which  were 
to  be  tested  in  the  wet  condition  had  been  soaked  to  1.0  -  1.2%  moicture  *n  a 
constant  climate  of  70*  and  95%  R.H.  Most  of  the  impact  tests  have  been  done  in  the 
wet  condition. 

The  strength  tests  have  been  carried  out  at  room  temperature  in  the  as  received  and 
wet  condition  arid  at  120*C  in  the  wet  condition. 

The  results  of  the  US-inspect Ion  are  tabled  In  Fig.  12.  It  can  be  seen  that  the 
specimen  were  much  more  insensitive  t-  impact  damage  in  the  wet  condition,  e.g. 
the  impact  of  a  hammer  with  3.0  m  induct  heignt  caured  on  laminate  B  in  the 
received  condition  a  dr lamina cion  ct  38  no  diameters,  in  the  wet  condition  the 
delar.iination  size  is  26  mm  only.  PreK>od{ng  of  the  specimen  does  not  seem  to  have 
any  influence  on  the  dolamination  size. 

The  results  of  room  temperature  teat  in.,  era  tabled  on  Fig.  13.  It  can  be  seen  that 
results  of  the  tension  tests  show  a  lower  sensitivity  to  impact  than  the  results 
in  compression.  This  effect  can  been  seen  very  clear  on  the  preload  d  specimens, 
which  show  a  significant  reduction  in  compression  strength.  On  .  ^aeinate  A  (com¬ 
pression)  and  laminate  B  (tension)  the  impact  by  a  hammer  has  resulted  in  a 
considerable  reduction  in  strength.  The  tests  at  120*C  have  shown  the  biggest  re¬ 
duction  in  strength  in  compression  (Fig.  14).  But  it  is  interesting  that  for 
laminate  A  the  effect  of  a  falling  hammer  (1  m  height)  is  similar  to  the  influet 
of  an  open  hole  of  6  mat  diameter.  In  KBB  philosophy  invisible  impact  damage 
is  designed  like  a  6  mm  open  hole.  The  impact  damage  caused  by  the  hammer  is  already 
visible.  Therefore  the  loss  of  strength  in  tension  as  well  ar  compression  is  well 
within  the  design  concept  and  must  not  be  considered  with  any  supplementary  knock 
down  factor . 


CONCLUSIONS 


Tha  strain  levels  used  for  designing  a  carbon-fibre  composite  structure  \t  MBB  incorporate 
allowance  for  low  energy  impact  damage  and  the  presence  of  bolt  holes*  These  strain 
levels  very  often  cover  a  certain  delamination  size. 

-It  was  shown  thaw  typical  dsbondci  at  the  interlace  of  CFRP  and  huueyuuMib  didn't  have  a 
significant  effect  on  the  hot/wet  resid.  il  strength,  even  after  16000  simulated  flight 
hours  of  fatigue.  These  results  are  restricted  to  the  stress  levels  of  secondary 
structures. 

-  In  thf  casa  of  pure  shear  -  as  was  demonstrated  by  the  shear  angle  specimen  -  no 
influence  of  tha  investigated  del  uninations  could  be  established  because  the  part  is 
designed  mainly  by  bearing  strength  and  all  failures  occured  in  the  notched  area. 

These  results  can  be  interpreted  to  allow  greater  defects  or  smaller  edge  distances 
fer  deiaminations  in  radii  but,  on  the  other  hand,  pure  shear  is  unlikely  to  occur  in 
real  structures,  where  the  problem  of  secondary  bending  has  always  to  ba  a side red. 
Therefore  our  standard  will  not  be  released. 

The  effect  of  higher  bearing  strength  after  hot/wet  fatigue  was  found  on  other  bearing 
strength  critical  component  testing, too. 

-  Deiaminations  in  flat  items  are  unlikely  to  occur  frequently.  The  test  results  have 
shown  for  the  static  load  case  no  significant  influence  of  6  x  6  rum  deiaminations. 

The  U  x  12  and  12  x  25  mm  deiaminations  have  caused  a  loss  in  strength  of  about  25% 
at  room  temperature  and  about  17%  at  120*C  and  1,1%  moisture.  For  static  load  this 
reduction  in  strength  could  be  tolerated  because  test  results  with  tha  same  laminate 
have  shown  about  a  35%  loss  of  strength  for  a  6  nuu  open  hole.  On  the  other  hand  the 
fatigue  behaviour  oi  deiaminations  is  not  known  in  detail.  Therefore  no  allowance  can 
be  made  lor  deiaminations  bigger  then  6  x  6  ram  for  compression  critical  Items  at  the 
moinon  t . 

-  The  statistical  basis  of  the  results  on  impact  damage  are  still  to  weak  to  make  a  final 
decision.  But,  nnver-the-less,  some  important  conclusions  can  be  made: 

The  de lamination  size  found  by  US-xnspect ion  is  significantly  lower  it  the  impacted 
laminate  is  already  in  a  wet  condition.  This  can  be  attributed  to  a  softening  effect 
on  the  matrix  due  to  the  ina^ess  of  moisture. 

In  our  design  philosophy,  low  energy  impact  is  always  taken  into  account  by  the 
allowance  of  a  6  mm  hale  in  any  part  of  the  structure.  The  results  have  shown  that  this 
allowance  is  both,  necessary  and  sufficient. 

Some  ot  the  Lestwork  presently  going  on  at  HUB  will  provide  more  detailed  information 
about  the  behaviour  of  deiaminations  in  structural  components  and  larger  structures. 


fig .  1  Throw  point  handing  sandwich  apaciraan  with  built-in  daltuuinations 


Specimen 

Type 

Conuitio- 


Test  Programme 


Climate  Cabinet 
Temperature  7Q’C 
Rel.  Humidity  70X 
Time  A5  bats 
Moisture  Content  1.2X 


16000  Flighthours 


Residual 

Strength  yes  yes  yes 

120' C 

SPECIMEN  TYPE  A:  WITHOUT  DELAMINAT IONS 
Specimen  Type  B:  built-in  Delamihations 
Fatigue:  according  to  block  diagram 
Frf.ouency:  10  Hz 


Block  Diagram  U00  Flighthouhs 


Fig.  2  Test  programme  and  fatigue  block  diagram  for  three  point  bending 
sandwich  specimen 


FRACTURE  LOAD  [kNi 


SPECIMEN  DEFLECTION  [mm] 


TEMPERAT! 


0/0/+45/-45/070/+45/-45/907-45/+45/0/0/-45/+45/0/0 


Position  of  Delaminations  (folded  Teflon  patches) 


COI  DITIUN1NO  PARAME'ERS;  7(]’C  -  75*  R.H.;  42  DAYS 

THE  "d'-MOISTURE  DATUM  WAS  DETERMINED  AFTER  POSTCURE  OF  LAMINATES. 

Weight-gain  was  monitored  by  3  traveller  specimens, The  mc.sture 
CONTENT  AT  TEST  WAS  1.1%. 


Fig.  8  Specimen  geometry,  lay-up,  size  and  position  of  defects  and  conditioning 
of  multidirectional  compression  specimens 
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Pig.  9  Mean  compression  results  as  function  of  test  conditions  and 
delamination  size  and  position 


Laminate  A,  6  plys  ( 33, 3/66, 7/0)  X 

Laminate  B,  16  plys  (37,5/50/12,5)  : 

Stacking  Sequence 

Stacking  sequence 

0/+A5/-A5/-(l5/+il5/0 

0/+R5/-R5/90/0/+'!5/-(i5/0  j 

TEST  PROGRAMME 

Impact  Parameters:  -  Dropping  tools  (Screwdriver,  hammer)  with  varying  impact  energy 
-  Runway  debris  simulated  by  glass  bulbs  with  different  impact 

VELOCITIES  AND  ANGLES  OF  INCIDENCE  -  WITH  AND  WITHOUT  PRE- 
LOADING  OF  SPEC  IMtNS  DURING  UTlv.l,  i 

Test  Parameters:  Temperature  -  KT  wet  and  uoh.nally  dry 

-  120'C  WET 

Type  of  ickding-  Tension-Laminate  A  and  B 

-  Compression  (Sandwich  beam)  -  Laminate  A 


Fig.  10  Lay-up  of  specimens  and  test  programme  for  impact  to^l’ng 
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I 


Type  c* 

TYPE  of 

US- I NSPECT ION-MAX. 

Type  of 

I'RE- 

US- INSPECT  ION 

Impact 

Laminate 

Delamination  size  1mm) 

Impact 

LOAD 

MAX. 

Del am I- 

AS  RECEIVED 

1.0  -  1.21 

NATION  SIZE 

Laminate  A 

(MM) 

MOISTURE 

SD  0.25  m 

A 

8 

— 

SR  20m/s  55’ 

- 

UJ 

15 

SD  0.75  m 

A 

13 

6 

SR  20M/S  '15’ 

0,15  R„ 

H 

V) 

17 

IIA  1.0  m 

A 

27 

15 

SR  20M/S  '15’ 

0.3  R„ 

o 

at 

16 

22 

SR  37m/ s  22’ 

A 

2M 

22 

SP.  37M/S  22’ 

- 

04 

H 

SD  1.0  M 

B 

12.5 

~ 

SR  37m/ s  22’ 

0.15  R„ 

1 

18 

IIA  3.0  M 

B 

38 

26 

SR  3/M/S  22’ 

0.3  Rfl 

o 

19 

_  7  -  - - 

NOMENCLATURE: 

SD  C,25  M:  Impact  by  Screwdriver)  weight  115  gj  dropped  from  0,25  m  height. 

IIA  1.0  M:  IMPACT  BY  HAMMER)  WEIGHT  300  Gl  DROPPED  FROM  1.0  M  HEIGHT. 

SR  37M/ S  22’:  SIMULATED  flUNWAY  DEBRIS)  GLASS  BULB)  WEIGHT  IN  G)  DIAMETER  22  MM; 

IMPACT  VELOCITY  37  M/S)  ANGLE  OF  INCIDENCE  72’ 

0.15  R^:  SPECIMEN  PRELOADED  AT  IMPACT  WITH  0.15  OF  FRACTURE  LOAD  RH> 


Ktq.  12  Resultu  of  ultrasonic  inspection  of  impacted  specimens 
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CHARACTERIZATION  OF  CUMULATIVE  DAMAGE  IN  COMPOSITES  DURING  SERVICE 


by 

M.  E.  Roylance,  W.  W.  Houghton,  G.  E,  Foley, 
R.  J.  Shuford  and  G.  R.  Thomas 

Army  Materials  and  Mechanics  Research  Center 
Watertown,  Massachusetts  02172 
United  States  Of  America 


SUMMARY 

■ — An  investigation  has  been  undertaken  to  study  the  nature  of  cumulative  damage 
occurring  in  glass  epoxy  composite  test  coupons  and  sub-structures  during  fatigue 
loading,  and  to  correlate  the  extent  of  this  damage  with  remaining  useful  lifetime. 
Changes  of  stiffness  In  composite  laminate  specimens  loaded  in  tension-tension  fatigue 
at  various  load  levels  have  been  shown  to  refleot  the  extent  of  accumulated  damage  and 
the  magnitude  of  the  stiffness  change  has  been  used  to  predict  the  remaining  life 
fraation  of  the  specimens.  Dynamic  structural  analysis  techniques  can  be  used  to  follow 
these  stiffness  changes  in  substructures,  and  should  be  useful  as  a  field  technique  for 
following  stiffness  losses  in  composite  structures.  The  nature  of  the  damage  which 
ocaurs  during  fatigue  loading  has  been  characterized  by  a  number  of  nondestructive 
evaluation  (NDE)  techniques  including  ultrasonics  and  Infrared  thermography 

I.  INTRODUCTION 

Fiber  reinforced  materials  offer  significant  advantages  over  convent  nal  metallia 
materials  for  use  in  fatigue-critical  structures.  These  advantages  arise  from  the 
greater  damage  tolerance  and  resistance  to  high  cycle  (low  stress)  fatigue  exhibited  by 
composite  materials  (1).  The  use  of  these  novel  materials  in  structural  applications 
requires  the  use  of  new  nondestructive  inspection  techniques,  since  the  techniques  used 
for  assessment  of  accumulated  damage  In  metals  are  frequently  not  applicable  to 
composites . 

The  increasing  use  oT  composite  materials  by  the  U.S.  Army  has  prompted  thu 
development  ol'  such  techniques,  and  also  techniques  for  characterization  or  commercially 
supplied  starting  materials,  including  resins  and  prepregs.  The  flow  chart  in  Figure  1 
shows  the  standard  methods  used  and  the  new  techniques  available  for  characterizing 
composite  materials.  The  quality  assurance  and  NDE  techniques  begin  on  the  left  with 
characterization  of  the  starting  materials  and  end  on  the  right  with  in-service 
Inspection  of  fielded  composite  structures  or  components. 

This  paper  briefly  reviews  some  of  these  new  techniques  Tor  characterizing 
cumulative  damage  in  composites  subjected  to  fatigue  loading.  It  also  discusses  the 
results  of  an  experimental  study  in  whioh  these  techniques  were  used.  In  this  study, 
glasa/epoxy  composite  test  coupons  and  substructures  were  fatigued,  the  nature  of  the 
damage  occurring  in  these  materials  was  characterized  by  a  number  of  NDE  techniques,  and 
the  extent  of  damage  was  correlated  with  the  remaining  useful  lifetime.  Changes  of 
stiffness  In  composite  specimens  loaded  In  tension-tension  fatigue  at  various  load 
levels  have  been  shown  to  reflect  the  extent  of  accumulated  damage,  and  the  magnitude  of 
the  stltTness  change  has  been  used  to  predict  the  remaining  life  fraction  of  the 
spec imens . 

II.  OVERVIEW  OK  NDE  TECHNIQUES 


A.  THERMOGRAPHY 

Improved  thermal  imaging  systems  manufactured  within  the  last  few  years  have 
resulted  in  renewed  interest  in  the  use  of  therraographv  as  a  quality  assurance  and  NDE 
technique  for  characterizing  composites.  Real-time  thermography  can  be  used  to  detect 
damaged  areas  in  composites  by  monitoring  the  temperature  distribution  when  the  soecimen 
Is  heated  el  the.  by  an  external  heat  source  ("passive"  thermography)  or  by  Internal 
thermal  dissipation  from  applied  mechanical  stress  ("active"  thermography).  The 
Interested  reader  is  referred  to  a  recent  state-of-the-art  review  of  basic  principles  of 
thermography  and  application  to  composites  (2). 

Passive  thermography  involves  heating  the  structure  by  conduction,  convection  or 
radiation.  Differences  in  heat  transfer  characteristics  due  to  defects  yield  a  pattern 
of  varying  temperature  on  the  sun  ace.  The  resolution  capabilities  of  passive  thermo¬ 
graphy  depend  on  heat  transfer  properties. 

For  composite  materials,  the  active  thermographic  technique  involves  internal 
heating  by  means  of  viscoelastic  dissipative  hysteresis.  In  this  case,  the 
stress/strain  level  and  excitation  frequency  used  are  the  two  most  important  parameters 
affecting  heat  generation  in  the  material.  In  v ibrothermography ,  a  technique  pioneered 
by  investigators  at  Virginia  Polytechnic  Institute  and  State  University,  the  object  to 
be  examined  is  coupled  to  an  ultrasonic  shaker  and  subjected  to  high-frequency, 
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low-amplitude  vibration  (3).  Vibrothermography  appears  to  be  a  good  method  for  locating 
delaminations  and  other  flaws  in  composites  where  the  surfaces  of  the  flaws  can  Interact 
with  one  another  during  high-frequency  excitation  (4)  , 

B.  ULTRASONICS 

Ultrasonics,  which  uses  frequencies  from  20  Khz  to  24  Mhz,  is  probably  the  most 
valuable  and  informative  conventional  NDE  technique  available  for  composite  materials. 
This  technique  involves  the  interaction  of  an  ultrasonio  meohanical  wave  with  a 
material.  For  example,  an  ultrasonic  wave  is  passed  through  a  material  and  energy  is 
reflected  off  of  a  defect.  This  results  in  both  attenuation  of  the  wave  and  formation 
of  a  reflected  wave  which  is  measured  at  the  front  surfaoe.  Thus,  the  reflected  wave 
and  the  attenuated  wave  both  contain  information  about  the  flaw  or  defect.  Ultrasonio 
testing  is  not  a  novel  technique  for  composites,  since  the  methods  used  do  not  differ 
from  those  used  for  metals. 

C.  DYNAMIC  SIGNAL  ANALYSIS 

Another  non-destructive  evaluation  technique  which  hBs  been  used  in  the  current 
study  is  dynamic  utructural  anlaysis.  Although  this  technique  has  not  been  used 
extensive], y  in  the  past  to  characterize  the  fatigue  induced  damage  in  composite 
structures,  it  has  been  widely  used  to  analyze  structural  resonances  and  damping.  Since 
changes  in  stiffness  and  hysteresis  of  fatigue  damaged  composite  structures  are 
reflected  in  corresponding  shifts  in  resonant  frequencies  and  damping,  dynamic 
structural  analysis  can  be  used  to  assess  the  extent  of  fatigue  damage. 

Commercially  available  equipment  for  dynamic  signal  analysis  varies  in 
sophistication  and  complexity.  Instruments  range  from  simple  equipment  designed  to  pick 
up  a  single  fundamental  resonance  excited  by  a  meohanical  disturbance  such  as  a  tap  by  a 
screwdriver  to  specialized  mini-computers  which  perforin  fourier  transform  analysis  to 
calculate  a  full  range  of  resonant  frequencies  and  mode  shapes  in  complex  structures. 
Advances  in  instr umentation  in  the  last  five  years  have  produced  field  portable  systems 
with  these  sophisticated  capabilities,  and  one  suoh  instrument,  the  Hewlett-Packard 
5423A  Dynamic  Structural  Analyzer,  was  used  in  this  study. 

D.  ACOUSTIC  EMISSION 

When  a  material  is  significantly  stressed,  it  emits  mechanical  stress  waves.  These 
stress  waves  are  frequently  known  as  "acoustic  emissions."  The  observed  Acoustic 
Emission  (AE)  event  from  a  composite  material  is  an  exponentially  decaying  sinusoid. 
This  signal,  or  "Event,"  is  frequently  characterized  by  its  peak  amplitude,  or  the 
number  of  times  it  exceeds  a  preset  threshold,  or  possibly  its  •n^rjy,  Th  i « 
information,  when  combined  with  the  stress  history,  total  number  of  events  and  their 
location  can  be  informative. 

Acoustic  emission  offers  the  unique  capability  of  characterizing  the  damage 
oceurlng  in  composite  materials  undergoing  stress.  I nvest iga tor s  have  used  AE  to 
characterize  damage  accumulation  in  fiber  reinforced  composites  as  a  function  of  time 
under  load,  strain  rate,  stress  level,  and  fatigue  loading.  An  excellent 
sta te-of- tho-ar t  review  has  recently  been  written  by  M.  Hamstad  of  Lawrenoe  Livermore 
National  Laboratory  (5). 


III.  MATERIALS 

A.  CHARACTERIZATION  OK  STARTING  MATERIALS 

As  Figure  1  indicates,  one  of  the  most  recent  techniques  for  characterization  of 
epoxy  resins  and  preprega  for  incoming  quality  assurance  is  high  performance  liquid 
chromatography.  With  proper  choice  of  solvent  system  and  detector,  liquid 
chromatography  can  yield  a  reproducible  and  easily  recognizable  "fingerprint"  of  a  given 
resin  system.  Each  Important  component  of  the  resin  produces  a  separate  peak  whose 
magnitude  reflects  the  quantity  of  that  specimen  fraction.  Hagnauer  (6)  and  his 
coworkers  at  AMMRC  have  published  several  papers  dealing  with  HPLC  oharac ter ization  of 
epoxy  resins,  including  those  based  on  dlglynidyl  ether  of  bisphenol  A  (DGEBA) ,  such  as 
used  In  this  work.  Prepreg  material  for  the  present  study  was  screened  using  the 
experimental  procedure  described  in  reference  6.  The  resulting  fingerprint  agreed 
within  acceptable  limits  with  the  fingerprint  in  Figure  2  (reprinted  from  reference  6) 
for  standard  prepreg. 

B.  FABRICATION  OF  TEST  SPECIMENS 

1.  Laminate  Specimens 

In  the  present  study,  three  types  of  composite  laminates  were  evaluated.  The  Tirst 
was  a  crossply  laminate  with  a  stacking  sequence  of  ( G_/90~/Op/90/_ ) •  The  second  was  an 
angle-ply  laminate  with  a  stacking  sequence  of  (0n/ )  .  These  were  both 
fourteen-ply  laminates.  The  third  laminate  studlea  was  a  aixteert-ply  laminate  with  a 
stacking  sequence  of  ( 45?/-4b~ ) n .  This  laminate  was  constructed  to  be  as  close  as 
possible  in  reinforcement4^  geonfetry  and  thickness  to  the  +45°  filament  wound  specimens 
discussed  below. 


The  laminates  were  prepared  by  hand  layup  and  autoclave  cure  of  3M  SP250/E-glass 
unidirectional  prepreg.  Initial  laminate  size  was  760mm  x  1.37m.  The  laminates  were 
cut  into  rectangular  coupons  305mm  long  by  25.4mm  wide  and  machined  to  their  final 
configurations  by  means  of  a  Pantograph-type  template-controlled  router.  Figure  3  shows 
the  dimensions  of  tl.p  AMMRC-designed  streamline  specimen  and  the  standard  D-638  ASTM 
dogbone  specimen. 

2,  Filament-Wound  Specimens 

Filament-wound  tubes  were  fabricated  from  E-glass  roving  impregnated  in  line  with  a 
d iglycidylether  of  bisphenol  A  (DGE13A)  resin  (100  parts)  mixed  with  methylte trahydro- 
phthalic  anhydride  (MTHPA)  (BO  parts)  and  ben zyld imethyl amine  (BDKA)  (1  part).  The 
tubes  were  wound  with  ±45  degree  orientation  on  a  25.4mm  mandrel.  The  outside  diameter 
in  the  gage  section  was  31.8mm  with  a  90  degree  overwrap  to  38. 1mm  outside  diameter  in 
the  grip  ares.  After  winding,  the  matrix  was  cured  to  gelation  by  rotating  the  tubes 
under  infrared  lamp3.  The  tubes  were  then  fully  cured  in  air-circulating  ovens  at 
93.3°C  for  1  hour  and  177°C  for  2  hours. 

C.  CHARACTERIZATION  OF  TEST  SPECIMENS 

Fiber,  resin  and  void  volumes  were  determined  on  the  filament  wound  and  laminate 
specimens  using  a  burn-oUt  technique.  The  thickness  of  the  laminates  varies 
considerabl y  from  specimen  to  specimen,  and  a  variation  from  40-60%  in  the  fiber  volume 
fraction  results.  A  nominal  thickness  of  0.2mo  per  ply  was  used  for  stress 
calculations,  corresponding  to  50%  fiber  volume.  The  fiber  volume  fraction  of  the 
filament  wound  tubes  was  72.5%  and  varied  only  slightly  from  specimen  to  specimen.  The 
void  volume  varied  from  1.4  to  2.0%, 

The  extent  of  cure  of  the  laminate  specimens  was  evaluated  by  differential  scanning 
calorimetry  (DSC)  measurements  of  residual  curing  exotherm  using  a  Perkin-Elmer  D3C-II 
scanning  at  5°C  per  minute.  The  DSC  results  Indicated  that  the  extent  of  cure  was 
consistent  from  specimen  to  specimen. 

IV.  EXPERIMENTAL  PROCEDURE 

A.  FATIGUE  TEST  PROCEDURES 

All  laminate  te^ts  were  performed  on  Instron  model  1331  servohyd raul in  teat 
systems .  Static  tests  were  done  at  a  crosshead  speed  of  1 . 27mm/min .  Fatigue  tests  were 
done  at  a  frequency  of  2  Hz  and  a  stress  ratio  of  0.1.  Strain  measurements  we»-e 
obtained  using  dynamic  strain  gage  ex tenaometers  with  a  25.4mm  gage  length.  Modulus 
measurements  were  made  using  a  Nioolet  digital  oscilloscope  and  a  DEC  MIWC-11  computer. 

The  specimens  were  placed  between  the  grip  faces  and  carefully  aligned  to  minimize 
any  possible  bending  loads  due  to  load  eccentricity.  They  were  then  ramped  at 
1.?7mm/min  to  the  maximum  stress  level,  unloaded  to  the  mean  level  and  cycled  at  2  Hz 
until  failure  (see  Figure  4). 

In  the  laminates  containing  0  degree  plies,  the?  initial  loading  stress-strain  curve 
exhibits  non-linearity  due  to  failure  or  off-axis  plies,  but  subsequent  stress-str ain 
curves  appear  nearly  linear  until  the  onset  of  final  failure  (Figure  5).  The 
stress-strain  behavior  of  the  +45  degree  laminates  was  non-linear  throughout  their 
lifetime.  For  all  types  or  laminates,  the  Initial  reference  modulus  was  taken  from  the 
first  cyclic  loading  from  minimum  to  maximum  stress  (Figure  4).  In  the  *45  degree 
laminates,  which  exhibited  non-linear  behavior  during  this  first  fatigue  cycle,  modulus 
was  calculated  from  total  stress  amplitude  divided  by  the  total  strain  amplitude,  and 
hysteresis  was  calculated  during  this  and  all  subse  ent  measurement  cycles. 

The  4-45  degree  filament  wound  tubes  were  tested  In  tension-tension  fatigue  on  an 
Instron  1323  servohydraul ic  tension- tor sion  apparatus  using  the  same  procedures  employed 
for  the  445  degree  laminate  specimens.  Strain  measurements  were  made  using  a  dynamic 
strain  gage  ex tensometer .  Modulus,  as  a  ratio  of  stress  amplitude  to  strain  amplitude, 
and  hysteresis  were  calculated  during  each  measurement  cycle. 

B.  DAMAGE  CHARACTERIZATION 

During  the  fatigue  tests  a  thermocouple  was  attached  to  the  surface  of  the  specimen 
to  monitor  temperature.  An  Infr aoetr ics  model  525  Infrared  thermography  system  was  also 
used  to  monitor  surface  temperature  distribution  patterns  oceuring  as  a  result  of 
fatigue .  At  intervals  during  the  fatigue  tests,  ultrasonic  C-scan,  vibrothermographic , 
and  modal  analysis  measurements  were  made  on  the  specimens. 

The  streamline  specimens  were  ul trasonical ly  scanned  using  a  pulsed  echo  technique. 
In  this  technique  the  specimen  Is  immersed  in  water  and  ultrasonic  pulses  generated  by  a 
transducer  pass  through  the  front  surface  and  reflect  off  of  the  back  surface.  Any 
discontinuity  in  the  specimen  reduces  the  amplitude  of  the  signal  received  at  the  back 
surface.  A  conventional  r-scan  recording  method  was  used  to  produce  a  permanent  record 
of  the  signals  from  the  transducer.  The  C-scan  recording  is  produced  by  automat icsl 1 y 
scanning  the  transducer  over  the  specimen  in  an  X-Y  raster  pattern.  The  movement  of  Lhe 
recorder  pen  is  synchronized  with  the  movement  of  the  transducer.  When  the  amplitude  of 
the  reflection  falls  below  a  preset  threshold  level,  the  recorder  is  set  to  blank  or 
stop  writing.  An  irregularity  or  defect  is  therefore  indicated  in  the  C-scan  by  the 
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absence  of  scan  lines.  The  result  Is  a  projected  true-to-scale  reproduction  of  the 
length  and  width  of  discontinuities  outlined  against  the  specimen  surface.  The 
equipment  used  for  this  testing  was  a  Sonics  Mark  III  ultrasonic  flaw  detector  using  a 
Panametrics  30  MHz  focused  transducer. 

A  schematic  of  the  v  ibro  thermogr  aphi  <r  equipment  i  shown  in  Figure  6.  The 
specimens  were  placed  in  a  specially  designed  clamp  and  attached  to  an ^ ul tr ason ic 
shaker.  An  excitation  frequency  of  10-12  Khz  was  used,  and  the  resulting  thermal 
patterns  were  recorded  on  videotape  for  analysis. 

Dynamic  structural  ar  ;is  was  performed  on  the  streamline  specimens  using  the  HP 
5423A.  The  specimens  w<  cycled  to  various  fractions  of  their  fatigue  lifetimes, 
removed  from  the  cycler  <<nd  allowed  to  cool  to  room  temperature.  They  were  then 
suspended  from  one  end  by  a  fine  denier  yarn  to  approximate  a  free-free  condition  and 
excited  by  impulse  loading  with  an  instrumented  Jeweler's  hammer  (Dytran  model  5800SL) . 

The  specimen  response  was  measured  using  a  Dvtran  model  3101A  accelerometer  with  a 
nominal  sensitivity  of  10  mv/g  and  a  range  of  +500g  which  was  placed  25* 4mm  above  the 
aenter  of  the  specimen.  For  the  modal  survey,  seventeen  impulse  loading  points  were 
used  evenly  spacod  19mm  apart  along  the  spicimen  center  line  to  pick  up  flexural 
vibration  modes. 

Acoustic  emission  measurements  were  attempted  during  fatigue  loading,  but  noise 
1'rom  the  servohydraul ic  test  apparatus  overwhelmed  any  damage  related  signals  from  the 
test  specimen.  The  specimen  gripping  arrangement  precluded  gating  the  At!  signals,  and 
isolating  t.he  pump  from  the  system  was  de’*  'mined  not  to  be  feasible. 

V.  RESULTS  AND  DISCUSSION 

Maximum  Tatigue  stress  versus  log  lifetime  for  all  materials  studied  are  shown  in 
Figure  7.  Only  the  0,+45,90  material  exhibits  apparent  non-llnearlty  in  its  S-N  curve, 
and  then  only  at  very  Tow  load  levels^40  to  501  of  ultimate  tensile  stress  (UTS).  The 
♦45  laminates  and  tubes  were  tested  in  he  range  of  60-801  of  yield  stress  (YS)  rather 
than  UTS,  since  they  have  a  well  defined  yield  point  as  shown  in  the  stress- stral  n 
curves  of  Figure  3.  In  this  range,  both  S-N  curves  appear  linear,  although  at  551  of 
yield  Strength,  the  tube  specimens  last  at  least  one  million  oycles  with  no  detectable 
damage,  and  this  suggests  that  he  S-N  curve  may  become  nonlinear  at  lower  stresses. 

As  discussed  in  reference  .  .  the  0,90  and  0, +  45,90  laminates  exhibit,  clearly 
defined  and  reproducible  decrease.*  in  modulus  as  a“*  function  of  fractional  lifetime, 
N/Nf.  Although  the  total  change  in  modulus  to  failure  Is  different  for  these  two 
materials,  th-  shape  of  the  modulus  decay  versus  life  fraction  is  similar  and 
essentially  independent  of  load  level. 

Figure  9  shows  modulus  change  versus  life  fraction  curves  at  60  &  65%  UT"»  for  tne 
0 ,  +  45 , 90  and  0,90  materials  respectively.  The  initial  rapid  change  in  the  nodulus  in 
the  0,90  laminates  coincides  with  extensive  dauege  which  occurs  in  the  90  degree  plies. 
The  fibers  in  the  0  degree  plica  limit  the  strain  and  stabilize  the  modulus  loss  at 
about  5%  with  only  about  0.2  of  the  specimen  lifetime  elapsed.  In  the  0,*4',,90 
specimens  the  stabilization  of  the  modulus  loss  occurs  after  0.4  of  th<  sp-oi  -n 
lifetime  at  a  level  of  3°-^°l* 

Obviously  the  +45  degree  plies  contribute  strongly  to  the  modulus  >iecay  in  the 
0 ,  +  45 , 90  laminates,  "6ut  the  restraint  supplied  by  the  0  degree  plies  prevei.-s  them  from 
undergoing  the  extensive  deformation  that  they  exhibit  in  the  absence  of  i  enforcement 
in  the  direction  of  the  applied  load.  This  is  Illustrated  by  the  stress-stra *n  •  -irves 
of  the  +45  degree  reinforced  tubes  and  laminates  in  Figure  8.  As  mentioned  above,  both 
specimen  types  exhibit  yield- like  behavior,  followed  by  extensive  deformation  -t  ui  near 
constant  load.  The  +45  laminate  also  exhibits  apparent  strain  hardening  and  failure  at 
150-160%  of  the  initTal  yield  stress.  Th .  tubts  usually  fail  at  a  stress  which  is  about 
110%  of  the  yield  stress.  The  strain  to  failure  is  7-8%  for  the  tubes  (defined  as  the 
point  at  which  the  load  begins  to  drop  rapidly,  since  the  tubes  can  deform  more  than 
100%  beyond  this  point  and  still  carry  some  load)  and  12-15%  for  the  lamina  es.  Yield 
strains  ore  0,5-1%  and  2-3%  respectively. 

This  yield  like  phenomenon  arises  from  .he  deformation  and  fracture  of  the  epoxy 
resin  matrix.  Since  deformation  and  failure  of  thi*  polymeric  matrix  Is  en  activated, 
time  and  stress  dependent  process,  the  modulus  change  versus  life  fractiun  curves  for 
the  resin  dominated  +45  degree  laminates  varies  significantly  from  the  laminates  which 
contain  0  degree  plies  and  whose  properties  are  therefore  fiber  dominated. 

Instead  of  being  essentially  independent  of  load  level,  the  curves  shown  in  Figure 
10  are  shifted  to  the  left  toward  shorter  times  at  higher  loads.  This  shift  is 
particularly  prominent  in  the  behavior  of  the  +45  degree  laminate  specimens,  shown  in 
Figure  10a,  probably  due  to  the  strain  hardening  which  occurs  'n  this  material. 

At  80%  of  YS  in  these  laminates  the  modulus  decrease  goes  through  a  maximum  of  50% 
at  about  0.3  of  elapsed  lifetime.  After  this  p^-int  the  st.'.'Tness  of  the  test  specimen 
as  measured  by  stress  amplitude  over  strain  »■.,<!  1e  gradi*-  y  increases  and  levels  off 
at  about  40%.  The  hysteresis  decreases  as  the  ajouuius  incr  r.:ea. 


The  surface  temperature  of  the  +45  laminate  specimens  reaches  60  C  during  cycling 
at  2Hz  and  801  of  YS.  To  eliminate  the  possibility  that  high  temperatures  in  the 
interior  of  the  test  specimen  had  induced  post-cure  in  the  epoxy  resir  at  801  YS,  DSC 
measurements  of  the  extent  of  cure  before  and  after  cycling  were  performed.  No 
increases  in  the  extent  of  cure  were  detected,  so  the  increased  stiffness  cannot  be  due 
to  increases  in  matrix  cross-link  density. 

Tins  decrease  in  modulus  followed  by  an  increase  appears  to  be  aue  to  yielding  and 
subsequent  strain  hardening  in  the  specimens  under  fatigue  loading.  Evidence  for  this 
is  found  in  the  stress-strain  curves  of  the  laminates  at  varying  points  in  the  fatigue 
lifetime  shown  in  Figure  11.  These  curves  show  a  decrease  in  initial  modulus  and 
persistence  of  an  inflection  point  in  the  curve  before  the  maximum  AE,  and  an  increase 
in  initial  modulus  and  disappearance  of  the  inflection  point  afterwards. 

The  most  likely  cause  of  the  observed  strain  hardening  both  in  th>?  quasl-stat ' c  and 
high  stress  fatigue  tests  is  strain  induced  reorientation  of  the  fibers  from  the  initial 
+^5  configuration  to  a  closer  alignment  with  the  applied  load.  The  fatigue-induced 
creep  strain  at  the  point  of  maximum  AE  is  constant  from  s, mple  to  sample,  further 
suggesting  that  the  increase  in  dynamic  modulus  is  due  to  fiber  reorientation  at  a 
critical  strain  level.  The  strain  level  in  these  specimens  at  maximum  &E  is  on  the 
order  of  the  yield  strain  observed  in  a  qua3i-static  test. 

At  lower  fatigue  stresses  the  yielding  process  apparently  occurs  more  slowly,  and 
fatigue  failure  occurs  before  detectable  strain  hardening.  Significant  strain  hardening 
does  not  occur  in  the  tubes,  and  although  the  AE  vs  N/N-  curves  art  shifted  to  shorter 
times  with  increasing  fatigue  stress  levels,  no  maximum  is  observed,  even  at  80%  of  YS. 
The  tubes  do  show  a  slight  increase  in  modulus  at  the  very  early  stages  of  the  fatigue 
life  in  specimens  tested  at  lower  stress  levels.  A  similar  brief  increase  has  been  seen 
in  some  laminate  geometries  by  other  investigators  (8),  and  has  been  observed  in  the 
first  few  cycles  of  loading  of  the  0,90  laminates  in  thi3  study. 

"ince  the  +  45  degree  laminates  cycled  at  higher  stress  levels  had  well  defined  and 
reproducible  AE  vs  N/N-  curves,  they  were  chosen  for  characterization  by  the  various  NDE 
techniques  at  different  life  fractions.  Both  ultrasonics  and  vibroth.;rmography  detected 
progressive  damage  in  the  gage  section  of  fatigued  specimens.  Figure  12  shows  the 
C-scan  of  an  undamaged  specimen  compared  with  C-3can3  of  the  3ame  specimen  after  5000 
and  7000  cycles  at  75%  of  YS,  or  about  0.4  and  0.5  life  fraction.  Beyond  this  point  the 
damage,  especially  surface  damage,  is  so  severe  that  no  increase  was  detectable  by 
further  ultrasonic  measurements . 

Similar  results  are  obtained  with  vibrothermography .  The  presence  of  damage  is 
indicated,  but  the  specific  nature  or  extent  of  the  damage  is  difficult  to  ascertain, 
especially  during  the  latter  part  of  the  fatigue  lifetime. 

The  results  of  the  dynamic  structural  analysis  are  more  sensitive  to  the  extent  of 
damage  throughout  the  specimen  lifetime.  The  deformation  in  the  undamaged  streamline 
specimen  curing  first  mode  bending  as  determined  by  the  modal  survey  is  depicted  in 
Figure  13.  Figure  14  shows  the  peak  in  amplitude  vs  frequency  for  this  resonance  as  a 
function  of  life  fraction,  and  Figure  15  is  a  plot  of  percent  change  in  frequency  vs 
N/N«  for  the  same  specimen  whose  AE  vs  N/Nf  curve  is  shown  in  Figure  10a.  The  resonant 
frequency  continues  to  decrease  throughout  the  lifetime  of  the  specimen  reflecting  a 
continuous  accumulation  of  damage  until  failure.  This  accumulation  of  damage  is  also 
reflected  in  an  increase  in  damping  as  shown  in  the  table  of  Figure  K.  This  technique 
clearly  promises  to  be  a  useful  technique  in  detecting  the  occurence  of  in-service 
damage  from  changes  in  both  resonant  frequency  and  damping.  A  modal  survey  could  also 
indicate  the  location  of  such  damage  by  changes  in  measured  mode  shapes. 

VI.  CONCLUSIONS 

The  major  conclusions  of  the  experimental  work  are  as  fellows: 

1.  In  none  of  the  materials  studied  is  the  presence  of  an  endurance  limit  clearly 
indicated,  although  some  nonlinearity  in  the  S-N  curves  is  suggested,  especially  at  low 
load.  . 

2.  Fatigue-induced  damage  in  the  fiber-dominated  laminates  studied  gives  rise  to  a 
modulus  decay  as  a  function  of  dimensionless  life  fraction  which  is  a  characteristic  of 
the  laminate  geometry,  and  essentially  independent  of  load  level.  In  these  materials 
the  modulus  decay  curve  can  be  used  as  an  indication  of  remaining  life  fraction  during 
fatigue  loading. 

3.  In  the  resin-dominated  laminate  and  filament  wound  specimens,  a  time  and  stress 
dependent  yielding  phenomenon  occurs  which  shifts  the  modulus  decay  curves  toward 
shorter  life  fractions  at  higher  fatigue  loads.  Fatigue-induced  strain  hardening  can 
occur  at  high  loads,  causing  the  modulus  to  increase  with  increasing  life  fraction. 

4.  NDE  techniques  such  as  vibrothermography  and  ultrajonics  can  pick  up  the 
presence  of  damage  in  these  fatigue  specimens,  but  are  not  sensitive  to  the  extent  of 
damage,  especially  later  in  the  fatigue  life, 

5.  Dynamic  modal  analysis  is  a  promising  candidate  for  an  in-service  NDE  technique 
which  is  sensitive  to  both  the  location  and  extent  of  fatigue-induced  damage. 
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AN  EMPIRICAL  APPRAISAL  OF  DEFECTS  IN  COMPOSITES 
NIGEL  PARSLOW 
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1.  INTRODUCTi }N 

The  application  of  fibre  reinforced  plastic  materials  in  aircraft  structure  is 
desirable  because  the  material  exhibits  high  strength  to  weight  ratio,  good  fatigue 
properties  and  easy  formability.  Although  the  materials  exhibit  high  strength  along  the 
fibre  direction,  the  strength  across  fibre  and  interlaminarly  in  the  structure  is 
significantly  less.  In  addition,  interference  with  the  fibre/resin  bond,  interlaminar 
adhesion  or  fibre  alignment  would  lead  to  a  substantial  reduction  in  the  strength  of  the 
structure.  Providing  these  deficiencies  are  considered  in  component  design,  the  overall 
advantages  of  manufacturing  aircraft  structure  from  composite  materials  far  outweigh  the 
disadvantages  of  reduced  shear  properties. 

— A  project  was  undertaken  to  develop  a  helicopter  tail  rotor  blade  from  fibre  re¬ 
inforced  materials.  The  manufacture  of  eighty  biades  was  identified  within  the  constraints 
of  the  project.  The  objectives  of  the  programme  were  as  follow: - 

To  evaluate  munufucLuring  techniques  for  composite  materials. 

'  To  evaluate  the  small  testpiece  properties  of  the  constituent  materials  in  the  aged 
and  unaged  conditions. 

c)  To  evaluate  the  performance  of  the  »,ail  rotor  blade  and  start  a  long  terra  natural 
ageing  programme  to  assess  the  effect  on  blade  performance. 

d)  To  finalise  design  detail,  assess  non-destructive  evaluation  techniques  and  determine 
acceptable  standards  for  the  component. 

The  tail  rotor  blade  was  manufactured  from  pre-preg.  material  in  the  form  of  uni¬ 
directional  gliss  fibre,  uni-directional  carbon  fibre  and  woven  glass  fabric  (two  weave 
styles)  all  impregnated  with  epoxy  resin. 

An  expanding  mandrel  technique  was  used  to  manufacture  the  tail  rotor  blade  as 
described  below. 

Plies  of  uni-directional  and  woven  glass  reinforced  pre-preg.  were  wrapped  around  a 
rubber  tube  enveloping  an  aluminium  mandrel.  A  wedge  of  uni-directional  glass  fibre  re¬ 
inforced  pre-preg.  (debulked)  formed  the  uni-directional  nos*.-  moulding  und  was  laid  along 
the  leading  edge  and  enclosed  in  the  woven  wraps.  This  tube  of  pre-preg.  formed  the  blade 
spar.  The  trailing  edge  was  made  of  _+  45°  angle  plied  carbon  fibre  skins  and  a  foam  insert, 
the  root  end  was  built  up  with  two  doubler  stacks.  Figure  (i)  and  (ii)  are  schematics 
of  the  construction.  The  assembly  was  placed  in  a  hinged  aluminium  tool.  The  tool  was 
closed  and  the  blade  shape  formed  by  the  application  of  90  psi.  air  pressure,  in  the 
rubber  tube,  which  forced  the  pre-preg.  against  the  inside  of  the  aluminium  tool.  A  two 
hour  dwell  at  90 °C  permitted  consolidation  of  the  pre-preg.  The  component  was  then  heated 
to  I20°C  for  one  hour  to  complete  the  cure  and  harden  the  resin,  after  which  the  blade  was 
cooled,  demoulded  and  trimmed.  Further  operations  involved  bonding  uu  erosion  shield,  tip 
caps  and  root  end  attachment  bushes. 

All  the  development  blades  were  subjected  to  non-destructive  evaluation  to  develop  a 
technique  capable  of  assessing  the  size  and  location  of  defects  in  the  component,  whilst 
maintaining  a  degree  of  convenience  to  ensure  rapid  inspection  of  the  component. 

During  the  development  of  the  tail  rotor  blade,  various  defects  and  discontinuities 
wex*e  produced.  These  can  bo  categorised  into  the  following  groups 

a)  Raw  material  defects  as  supplied,  e.g.,  fibre  whorls,  foreign  bodies,  non-uniform 
resin  impregnation. 

b)  Manufactured  defects  produced  during  moulding,  e.g.,  voiding,  fibre  misalignment, 
inadvertent  inclusion  of  extraneous  material. 

c)  Designed  in  discontinuities  to  allow  more  efficient  use  of  the  pre-preg.  e.g., 
jointed  pre-preg. 

Raw  material  defects  were  removed  from  the  material  prior  to  lamination  and  the  in¬ 
advertent  inclusion  of  extraneous  material  can  be  eliminated  from  the  component  by 
thorough  inspection  methods  during  lamination. 


2. 


TKSTING 


Coupon  Evaluation 
Fibre  Misalignment 

The  spar  element  of  the  tuil  rotor  blade  was  manufactured  from  Alternate  plies  of 
woven  fabric  and  uni-directional  glass  re  In foreemen t .  The  uni-direel ional  material  was 
aligned  with  the  centrifugal  forces  in  the  blade.  A  coupon  test  programme  evaluated  the 
effect  on  the  sluLic  meehanicul  properties  when  two  folded  pi  let:  of  woven  fabric  were 
included  in  a  predominately  uni-di rectional  laminate. 

Two  millimetre  thick  GRP  laminates  were  manufactured  from  12  piles  of  o.  125mm.  uni¬ 
directional  and  2  plies  of  0.25mm.  woven  pre-preg.  Large  overlapping  wrinkled  plies  of 
woven  material  were  laid  into  the  test  laminates,  see  figure  (iii)  while  the  control 
laminates  were  unwrinkled.  The  tensile  and  flexural  strength  in  the  O'*  (along  the  primary 
fibre  direction)  and  90°  (across  the  libre  direction),  of  both  laminales  were  evuluated. 

The  tensile  specimen  was  parallel  sided,  end  tabbed  and  with  dimensions  of  1 50  x  2d  x  2  mm . 
The  flexural  specimen  dimensions  were  00  x  20  x  2  mm.  loaded  at  a  rate  of  5mm. /minute  on 
a  three  point  bend  rig  of  span:  thickness  ratio  of  25:1.  The  results  appear  in  the  table 
below.  The  value  for  strength  i.j  the  average  of  six  specimens. 


Test 

Wrinkled 

Specimen 

Plain 

Spec imen 

o° 

90° 

o° 

90” 

Flexural  s L rung th /MPa 

15G0 

1083 

1870 

1223 

Coefficient  of  Vuriance/% 

12.7 

2 . 8 

7.2 

Reduction  in  strength/% 

G.G 

12.2 

Tensile  strcngth/MPa 

984 

40.2 

1  1G4 

4  7.3 

Coefficient  of  Variance/% 

7 

12.2 

5 

5.  H 

Reduct in  in  strength/% 

15.5 

15.0 

From  this  evaluation,  it  was  concluded  Mmt  the  inclusion  of  the  wrinkled  plies  of 
woven  fabric  in  a  predominately  uni-directional  laminate  affected  the  stability  of  the 
uni-directional  materials  arid  reduced  the  overall  strength  of  the  laminate.  It  was 
considered  that  this  large  reduction  in  static,  strength  would  product*  u  significant 
reduction  in  the  fatigue  properties  and  wrinkling  of  fibres  should  be  strictly  controlled 
in  composite  structures. 

Joints  in  Continuous  Fibre  Composites 

The  Principle 

The  manufacturing  technique  for  pre-prog,  materials  was  to  remove  undesirable  defects 
prior  to  lamination,  and  produce  structure  free  from  raw  material  defects.  When  consider¬ 
ing  the  production  of  helicopter  main  rotor  blades,  the  requirement  of  using  only  nine 
metre,  defect  free  lengths  in  the  build  would  lead  to  substantial  material  wustage.  The 
effect  of  including  a  jointed  ply  of  pre-prog,  in  a  continuous  fibre  laminate  was 
evaluated  tw  determine  whether  a  more  efficient  use  ui  the*  pre-prog,  material  could  be 
achieved . 

Scalpel  Cut  "re-prog. 

The  effect  of  including  a  discontinuous  ply  of  pre-prog,  in  an  eight  ply  laminate  on 
the  fatigue  properties  of  glass  reinforced  epoxy  was  evaluated.  The  discontinuous  ply  was 
overlapped  by  25min.  In  the  centre  of  a  150  x  10  x  2  inm.  specimen,  reduced  to  u  thickness 
of  lmm.  in  the  centre  by  means  of  a  l25mm.  radius.  Figure  (iv)  illustrates  the  test 
specimen.  Plain  unjointed  specimens  were  subjected  to  a  P  *.  P  loading  configuration  to 
produce  u  S-N  curve  witli  a  range'  of  failures  between  1G1  and  107  cycles.  The  test 
frequency  was  20  11k. 

A  gap  of  approximately  0,5mm.  was  produced  between  tin*  piles  in  tin1  butt  joint. 
Photograph  (1)  illustrates  the  scalpel  cut  but L  joint.  The  results  wire  presented  as  an 
S-N  curve,  figure  (v)  and  the  endurance  limits  at  107  cycles  for  the  plain  and  jointed 
specimens  arc  presented  below;- 
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Endurance  Limit  (107  cycles)  MSF 


Plain  250  MPa  1.214 

Jointed  210  MPa  1.414 


The  endurance  limit  at  1G7  cycles  was  reduced  by  16%  and  the  Materials  Scatter  Factor 
(MSF)  was  increased  by  16.5%.  Therefore,  the  inclusion  of  a  jointed  ply  in  an  eight  ply 
laminate,  not  only  gave  a  reduced  design  strength  value  but  also  lowered  the  confidence  in 
achieving  this  strength.  The  plain  specimens  exhibited  a  more  efficient  stress  system 
than  the  jointed  specimens,  as  calculated  by  dividing  the  endurance  limit  by  the  number  of 
continuous  plies  in  each  laminate.  The  plain  specimens  were  stressed  to  31.2  MPa/ply  and 
the  jointed  specimens  to  30.0  MPa/ply.  The  reduction  in  fatigue  strength  per  ply  was 
attributed  to  slight  fibre  misalignment  in  the  continuous  plies  adjacent  to  the  jointed 
ply. 


The  penality  of  the  reduction  in  fatigue  strength  associated  with  the  inclusion  of  a 
jointed  ply  in  an  eight  ply  continuous  fibre  laminate  was  offset  by  the  economic 
requirement  to  use  material  efficiently.  Therefore,  the  design  of  a  component  would 
accommodate  the  lower  fatigue  strength  values  for  a  jointed  ply  in  an  eight  ply  laminate. 

Conventional  radiography  was  able  to  identify  the  location  of  joints  in  structure  and 
thus  post  moulding  control  was  implemented. 

Automation 


The  inclusion  of  a  discontinuous  ply  in  an  eight  ply  laminate  was  acc<  ted  in 
component  design.  Automutic  cutting  of  pre-preg.  was  investigated  to  improve  the  time 
spent  in  cutting  details  for  component  assembly. 


Laser  Cutting  of  Glass  and  Carbon  Pre-preg. 


Ferranti  OO2  laser  machine  was  used  to  cut  glass  and  carbon  pre-preg. ,  at  a  power  of 
80  watts  and  a  cutting  speed  of  15  met  res /minute .  The  uni-directional  pre-preg.  was  cut 
along  and  across  the  fibre  direction.  Sixteen  ply  laminates  were  manufactured  with  a 
total  of  sixteen  butt  joints,  spaced  10mm.  apart  and  staggered  so  that  the  Joints  were  not 
coincident  in  consecutive  plies.  Figure  (vi)  illustrates  the  arrangement. 


The  following  properties  were  evaluatod:- 

Longitudinal  cut:  Flexural  strength 

Tensile  strength 
Interlaminar  shear  strength 


Transverse  cut: 

Test  Methods 


Flexural  strength 
Tensile  lap  shear  strength 


9.)  Flexural  Strength  (3  point  bend) 

GRP  Specimen  »  60  x  10  x  2  am. 

Support  roller  span  *  50  am. 
Cross-head  speed  =  5  ram. /minute. 

CFRP  Specimen  =  IOO  x  10  x  2  mm. 

Support  roller  span  *  80  mm. 
Cross-head  speed  “  5mm. /minute. 

b)  Interlaminar  Shear  Strength  (3  point  bend) 

Specimen  -  12  x  10  x  2  mm. 

Support  roller  span  «  lOram. 

Cross-head  speed  =  1mm.  /jninute . 

c)  Tensile  Strength 


Specimen  =  150  x  10  x  2  mm. 
Aluminium  end  tabs  =  50  x  10  mm. 
Cross-head  speed  -  2mra. /minute. 
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d)  Tensile  Lab  Shear 

as  c) ,  with  joint  at  specimen  centre. 
Results 

a)  Glass  Reinforced  Epoxy 


Property 

Strength 

C  of  v/% 

Change /% 

Long. 

Flexural  Control 

1.73  GPa 

4.34 

-  6.9 

Long. 

Flexural  laser 

1.61  GPa 

0.94 

Long. 

ILSS  Control 

96. 8  MPa 

4.77 

-  0.5 

Long. 

ILSS  laser 

96.3  MPa 

4.02 

Long. 

Tensile  Control 

1.24  GPa 

2.87 

-  1.6 

Long. 

Tensile  laser 

1.22  GPa 

4.41 

Trans 

,  Flexural  Control 

830  MPa 

6.00 

-  1.2 

Trans , 

.  Flexural  laser 

820  MPa 

4.56 

Trans 

.  lap  shear  Control 

580  UPa 

2.30 

-  5.2 

Trans 

.  lap  shear  laser 

550  MPa 

6.82 

b)  Carbon  heinforced  Epoxy 


Property 

Strength 

C  of  V/% 

Change/% 

Long.  Flexural  Control 

1.68  GPa 

2.70 

-  3.6 

Long.  Flexural  laser 

1.62  GPa 

4.49 

Long.  ILSS  Control 

94.7  MPa 

2.69 

-  3.8 

Long.  ILSS  laser 

88.3  MPa 

1.23 

Long.  Tensile  Control 

1.61  GPa 

4.52 

-  3.1 

Long.  Tensile  laser 

1.56  GPa 

4.42 

Trans.  Flexural  Control 

1.26  GPa 

6.86 

-26.2 

0.93  GPa 

9  .04 

Trans,  lap  shear  Control 

1.00  GPa 

12.41 

-35.0 

Trans,  lap  shear  laser 

0.65  GPa 

10.07 

The  effect  ol'  laser  cutting  the  pre-preg.  reduced  all  the  static  strengths  evaluated. 
The  fibre/resin  bond  dominated  properties  in  the  carbon  reinforced  materials  were  more 
affected  than  the  glass  reinforced  materials. 

The  transition  in  the  chemical  characteristics  of  the  resin  matrix  was  produced  by 
the  laser  cutting  of  the  pre-prog.  The  resin  at  the  centre  of  the  laser  beam  was  charred, 
while  away  from  the  hot  spot,  the  resin  was  only  cured  and  5mra.  from  the  laser  beam  centre 
the  resin  appeared  visually  unaffected.  However,  long  term  storage  of  the  material  would 
lend  to  advance  the  cure  of  the  resin  in  the  heat  affected  zone  and  produce  a  wider  strip 
of  material  affected  by  the  laser  beam  cut  than  initially  apparent  after  cutting. 

The  instability  of  the  resin  around  the  laser  cut  may  produce  a  storage  problem. 

The  charred  resin  produced  by  the  laser  cut  acted  as  an  inclusion  during  moulding, 
restricting  the  resin  flow  around  the  end  of  the  ply  and  resulted  in  voiding.  The  carbon 
fibres  were  swollen  by  the  heat  from  the  laser  beam,  doubling  the  diameter  of  the  fibres 
at  the  cut  edge,  photograph  (ii).  This  gross  interference  with  the  carbon  fibres  was 
probably  the  primary  cause  for  the  substantial  reduction  in  the  lap  shear  strength.  When 
the  glass  fibre  pre-preg.  was  cut  across  the  fibre  direction,  the  heat  of  (.he  laser  beam 
was  sufficiently  fierce  to  melt  the  ends  oi  the  fibres,  forming  globules  ol  glass  along 


B 
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the  cut  edge,  photograph  (ill).  Due  to  the  detrimental  characteristics  of  cutting  pre- 
preg.  the  laser  beam  was  considered  unacceptable  for  component  manufacture. 

Water  Jet  Cutting  of  Pro-preg. 

The  pre-preg.  was  cut  using  a  Flo.'* /stems  Water  Knife  Cutter  with  a  102  pump  unit. 
The  system  generated  55psi.  through  a  cutting  nozzle  of  0.2mm.  diameter. 

A  similar  investigation  into  the  effect  on  the  material  properties  was  conducted  for 
the  water  cutter  as  in  the  laser  cutter,  with  the  additional  requirement  to  evaluate  the 
effect  of  long  term  exposure  to  water  and  ice  on  the  pre-preg.  This  requirement  was 
identified  to  allow  large  number  of  details  to  be  cut  from  a  roll  of  pre-preg.,  which 
could  be  stored  at  -  18°C  in  hermatically  sealed  bags,  until  required  for  assembly.  A 
storage  interval  of  1000  hours  was  assessed. 

a)  Gloss  Reinforced  Epoxy 

Longitudinal  Evaluation 


Property 

Conditioning 

Strength 

C  of  V/% 

Change/% 

Flexural 

os  cut  control 

1.65  GPa 

2.8 

as  cut  water 

1.63  GPa 

3.7 

-  1.2% 

Flexural 

1000  hrs  control 

1.64  GPa 

4.5 

1000  hrs  water 

1.64  GPa 

1.3 

+  0.6% 

ILSS 

as  cut  control 

100.8  MPa 

3.0 

as  cut  water 

100.8  MPa 

2.0 

fc* 

o 

o 

ILSS 

1000  hrs  control 

97.7  MPa 

2.5 

-  3.1% 

10O0  hrs  water 

96.0  UP a 

1.6 

-  4.8% 

Tensile 

as  cut  control 

1.32  GPa 

3.3 

as  cut  water 

1.27  GPa 

2.0 

-  3.8% 

Tensile 

1000  hrs  control 

1.31  GPa 

3.0 

-  0.8% 

1000  hrs  water 

1.25  GPa 

6.4 

-1.8% 

Transverse  Evaluation 

Property 

Conditioning 

Strength 

C  of  V/% 

Change/% 

Flexural 

as  cut  control 

0.83  GPa 

6.00 

as  cut  water 

1.07  GPa 

7.22 

+28.9% 

lOOO  hrs  water 

1.04  GPa 

6.35 

-  2.8% 

Lap  Shear 

as  cut  control 

0.58  GPa 

2.30 

as  cut  water 

0.73  G~'a 

5.20 

+25.9% 

1000  hrs  water 

0.67  GPa 

5.5 

-  8.2% 

Carbon  Reinforced  Epoxy 

Longitudinal 

Evaluation 

Property 

Conditioning 

Strength 

C  of  V/% 

Cbange/% 

Flexural 

as  cut  control 

1.92  GPa 

7.9 

as  cut  water 

2.01  GPa 

3.2 

+  4.7% 

lOOO  hrs  control 

1.88  GPa 

4.1 

-  2.1% 

1000  hrs  water 

1,90  GPa 

3.1 

-  5.5% 

ILSS 

as  cut  control 

92.0  UPa 

3.6 

as  cut  water 

95.0  UPa 

2.3 

-  3.1% 

lOOO  hrs  control 

97.9  UPa 

2.0 

+  6.4% 

97.4  UPa 

1.8 

+  2.5% 

Tensile 

as  cut  control 

1.72  GPa 

3.6 

as  cut  water 

1.74  GPa 

6.2 

+  1.2% 

1000  hrs  control 

2.00  GPa 

2.1 

+14.0% 

lOOO  hrs  water 

1.93  GPa 

4.0 

+  9.8% 

8-6 


Transverse  Evaluation 


Property 

Conditioning 

Strength 

C  of  V/% 

Chan ge/% 

Flexural 

as  cut  control 

1.26  GPa 

6.9 

as  cut  water 

1.36  GPa 

7.0 

+  7.9% 

1000  hrs  water 

1.22  GPa 

7.6 

-10.3% 

Lap  shear 

as  cut  control 

1.00  GPa 

10.  7 

as  cut  water 

1.02  GPa 

4.6 

+  2.0% 

1000  hrs 

0.76  GPa 

16.8 

-25.5% 

Examination 

of  the  results  revealed 

tho  effect  of 

water  jet  cutting 

of  the  pre- 

along  the  fibre  direction  was  insignificant  but  when  cut  across  tho  fibres,  certain 
luechunical  properties  were  substantially  reduced  and  others  significantly  improved. 

Examination  of  the  water  jet  cuL  edge  of  the  pre-preg.  revealed  a  damage  zone  of 
approximately  0.5mm.  into  the  pre-preg.  The  resin  had  been  washed  away  from  the  edge 
of  the  pre-preg.  and  produced  resin  dry  fibres  along  the  pre-preg.  edge.  When  the  water 
jet  cut  edges  were  laminated,  resin  flowed  from  the  adjacent  layers  into  the  butt  joint 
and  produced  a  well  consolidated  joint.  This  effect  was  apparent  on  a  matrix  material 
which  included  thermoplastic  additives  to  control  flow  during  cure,  however  resin  matri  es 
with  different  flow  characteristics  may  not  exhibit  suitable  flow  around  the  water  jet 
cut  edge . 

Blade  Evaluation 

Fibre  Wrinkling  in  the  Blade  Transition  Section 

During  tho  cure  of  some  of  the  tail  rotor  blades,  the  plies  of  woven  material  in  the 
spar  became  misaligned  with  the  loading  direction,  producing  folds  in  the  plies  along  the 
length  of  the  blade.  See  Photograph  (iv).  Conventional  radiography  was  able  to  determine 
the  length  of  the  fold,  and  the  degree  of  folding  was  assessed  by  comparing  X-ray  absorb- 
tiou  contrast  of  known  samples.  Previous  evidence  from  coupon  evaluations  suggested  a 
significant  reduction  in  strength  of  a  woven/uni-directional  glass  fibre  laminate  was 
associated  with  wrinkling  of  this  type.  Therefore  it  was  necessary  to  substantiate  the 
performance  of  a  blade  which  exhibited  fibre  wrinkling  to  evaluate  the  effect  on  blade 
performance. 


The  blade  was  subjected  to  a  predetermined  programme  of  fatigue  testing,  represent¬ 
ative  of  a  life  of  a  blade,  on  a  rig  to  simulate  the  lag,  flap,  torsional  and  centrifugal 
loads  produced  during  flight.  The  blade  met  the  minimum  performance  standard  without 
failure.  The  blade  continued  testing  and  failed  by  a  primary  crack  propagated  along  the 
edge  of  the  erosion  shield  towards  the  tip  end  and  also  along  the  leading  edge  towards 
the  tip.  During  the  machine  run  down  following  the  initial  failure,  a  secondary  crack 
through  the  trailing  edge  skins  was  produced.  Neither  of  the  cracks  propagated  through 

the  wrinkled  area  of  the  transition  section  of  the  blade  and  thus  the  blade  failure  was 

considered  to  be  independent  of  the  fibre  wrinkling  in  the  spar.  See  figure  (vii).  The 
blade  met  the  minimum  performance  design  parameters,  represon Lative  of  a  life  of  the  blade. 

Tail  rotor  blades  free  from  fibre  wrinkling  in  the  spar  marginally  surpassed  the 
fatigue  life  of  the  wrinkled  blade,  and  failed  by  the  initiation  of  a  crack  in  the  spar 

element  close  to  the  erosion  shield  which  propagated  spanwise  towards  the  root  and  tip 

ends.  To  verify  whether  this  reduction  in  strength  associated  with  fibre  wrinkling  in 
the  spar  was  significant,  it  would  have  been  necessary  to  fatigue  test  at  least  five 
blades  exhibiting  a  similar  standard  of  wrinkling  in  the  transition  section,  which  would 
have  been  prohibitively  expensive  and  outside  the  constraints  of  the  development  project. 

Fibre  Waving  in  Nose  Moulding 

A  significant  proportion  of  the  centrifugal  loads  in  the  blade  was  carried  by  the 
uni-directional  glass  fibre/epoxy  element  located  along  tho  leading  edge.  It  was  con¬ 
sidered  essential  to  ensure  the  uni-directional  glass  fibres  were  aligned  with  the  span 
of  the  blade  to  ensure  the  maximum  strength  efficiency  of  the  elment  was  achieved. 

During  the  development  of  the  manufacturing  procedure  for  the  blade,  it  was  apparent  that 
the  nose  moulding  exhibited  local  fibre  waving  in  the  plane  of  the  blade.  The  glass 
fibres  had  waved  between  the  leading  and  trailing  edges  over  a  distance  of  2mm.  The  wavy 
fibres  were  confined  to  a  local  area  of  the  nose  moulding  element  and  were  apparent  along 
15mm.  of  the  blade.  See  Figure  (viii). 

The  blade  was  prepared  for  fatigue  testing  by  bonding  glass  fibre  doubler  stacks 
onto  the  tip  end  of  fhe  blade  and  attaching  a  soft,  aluminium  powder  filled  silicone 
rubber  prop  across  the  chord  to  allow  representative  bending  (flap)  loads  to  be  applied 
to  the  test  section.  Fagurc  (ix)  illustrates  the  arrangement. 

An  aerofoil  section  of  a  composite  tail  rotor  blade  was  fatigue  tested  and  completed 
fatigue  testing  representing  approximately  65%  of  the  minimum  performance  standard, 
whereupon  the  titanium  erosion  shield  failed  by  a  crack  propagating  through  its  chordwise 
section.  The  blade  continued  fatigue  testing  under  fully  factored  flight  loads  and 


eventually  failed  by  a  propagation  of  a  crack  through  the  composite  uni-directional  nose 
section.  The  blade  met  the  minimum  performance  standard,  in  spite  of  the  early  erosion 
shield  failure. 

Examination  of  the  failure  showed  the  erosion  shield  crack,  the  composite  crack  and 
the  edge  of  the  silicone  prop  were  coincident,  see  figure  (ix).  The  silicone  prop 
arrangement  did  produce  a  stress  concentration  effect  where  the  blade  lulled  and  may  have 
led  to  the  early  erosion  shield  failure  and/or  the  composite  failure.  Examination  of  the 
composite  leading  edge  section  confirmed  the  fibre  waving  in  the  uni-directional  nose 
moulding  produced  during  manufacture.  The  mechanical  testing  caused  extensive 
de lamination  and  broken  fibres  in  the  uni-directional  nose  moulding.  Photographs  (vi) , 
(vii)  and  (viii)  illustrate  the  damage.  The  cracks  propagated  from  the  origin  along  the 
nose  towards  the  root  and  along  the  edge  of  the  erosion  shield  towards  the  tip.  The 
testing  also  caused  cracking  in  the  trailing  edge  section  which  was  apparent  in  previous 
outboard  fatigue  test  blades  and  was  considered  a  usual  failure  mode  in  this  lest  rig 
design . 

The  evaluation  was  inconclusive  in  respect  of  the  prime  contribution  to  the  failed 
erosion  shield  and  the  composite  nose  moulding  due  to  the  Inadequacies  of  the  method  of 
load  application  to  the  test  specimen.  It  was  not  possible  to  eliminate  non-represent¬ 
ative  stress  concentration  associated  with  the  soft  silicone  prop. 

Specimens  with  and  without  fibre  waving  failed  in  similar  modus,  composite  failures 
were  always  preceded  by  failure  of  thu  metallic  erosion  shield,  its  influence  on  the 
subsequent  behaviour  of  the  composite  cannot  be  easily  determined. 

The  test  wus  primarily  designed  to  establish  the  capability  of  the  structure  to 
satisfy  minimum  performance  requirements  for  development  flight  cloarance.  This  was 
achieved.  However,  the  real  consequence  of  wavy  fibres  in  composite  structures  has  not 
been  ascertained.  The  performance  requirements  are  not  sufficiently  demanding  to 
differentiate  between  the  two  states  ol'  the  material. 

Notwithstanding  the  above,  certain  observations  on  the  expected  performance  of  thu 
materials  can  be  made  from  the  test  data.  The  magnitude  and  the  type  of  damage  in  the 
wrinkled  specimen  was  greater.  The  accumulated  fatigue  cycles  for  the  wrinkled  specimen 
were  less  than  the  wrinkle  free  specimen.  This  evidence  can  be  interpreted  as  indicat¬ 
ing  that  when  component  design  demands  optimum  performance  from  the  composite  then  fibre 
distortion  caiii.ot  be  tolerated  and  the  manufacturing  process  must  eliminate  any  risk  of 
its  occurrence.  Where  wrinkled  fibre  cannot  be  avoided  due  to  manufacturing  constraints, 
then  satisfactory  performance  can  bo  achieved  from  the  component  providing  the  design 
allowables  are  determined  from  representative  specimen  containing  the  appropriate 
features . 

Voiding  in  the  Leading  Edge  of  the  Nose 

The  development  tail  rotor  blade  exhibited  voiding  In  thu  leading  edge  at  the  root 
end  of  the  blade,  see  photograph  (xi).  The  voiding  occurred  in  un  area  where  I  lie 
majority  of  the  centrifugal  loads  were  transferred  from  the  uni-directional  nose  mould¬ 
ing  into  the  woven  spar  wraps  and  doublers.  If  the  voiding  was  situated  along  the  nose 
inoulding/sparwrap  interface,  then  the  blade  would  be  unable  to  transfer  the  centrifugal 
loads  from  the  nose  moulding  into  the  doubler  stack  at  the  root  end,  and  may  lead  to 
premature  failure.  However,  if  the  voids  were  situated  away  from  thu  critical  interface, 
then  the  centrifugal  loads  could  be  transferred,  and  the  standurd  of  the  blado  would  be 
acceptable .  It  was  therefore  necessary  to  non-destruct i v«- ly  determine  the  precise 
location  of  the  voiding. 

Conventional  X-ray  was  ablu  to  determine  the  presence  of  voiding  in  the  composite 
tail  rotor  blade  bul  not  able  to  provide  a  complete  analysis  of  the  location.  Fibre 
wrinkling,  gross  de lamination  and  extraneous  material  was  revoalod  by  conventional  radio¬ 
graphy  whereas  the  precise  location  of  defocts  was  evaluated  by  Computer  Aided  Tomo¬ 
graphy  (CAT). 

3.  NON-DESTRUCTIVE  EVALUATION  OF  THE  TAIL  ROTOR  11  LADE 

Thu  system  for  examining  voids  in  the  tail  rotor  blades  was  firstly  to  radiograph 
thu  blade  and  from  the  results,  if  it  was  impossible  to  determine  the  location  of  voids 
in  contentious  areas,  then  the  blade  was  subjected  to  CAT  using  a  Type  7020  High 
Resolution  Body  Scanner. 

Thu  CAT  technique  involved  taking  eighteen  X-ray  shots  around  a  one  millimetre  slice 
of  the  component  and  transferring  the  data  onto  a  computer  matrix  of  320  x  320  squares. 
The  computer  matrix  represented  a  rual  size  of  120mm.  diameter,  producing  a  resolution  of 
0.375mm.  The  scan  speed  was  80  seconds,  the  computer  processing  time  120  seconds, 
giving  a  component  examination  turn  around  time  of  approximately  5  minutes.  The  inform¬ 
ation  taken  from  the  scan  was  processed  in  a  digital  array  on  a  chart  in  the  form  of 
X-ray  absorption  values.  The  absorption  value  range  was  +2000  to  -1000,  with  glass  fibre 
reinforced  plastic  and  air  registering  1300  and  0  respectively.  The  voiding  in  a 
structure  was  determined  by  selecting  a  threshold  absorption  vulue  and  Joining  points  in 
the  array  representing  air  in  the  structure.  Thu  information  was  displayed  initially  on 
a  VDU  to  reveal  the  size  and  location  of  the  voiding.  See  photographs  ( ix  and  ( ?  j  .  By 
manipulating  the  threshold  value,  it  was  possible  to  highlight  different  aspects  ul'  the 
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structure  at  the  expense  of  losing  the  detail  of  other  features,  for  example  resin 
richness  could  be  highlighted  at  the  expense  of  losing  detail  ori  voiding.  The 
information  could  also  be  presented  in  print  out  form  in  an  array  of  absorption  values 
as  described  above. 

The  resolution  of  CAT  was  less  than  that  of  conventional  radiography  and  the 
accuracy  was  fux*ther  reduced  by  the  technique  approximately  circular  details  in  the 
component  into  a  square  matx*ix  on  the  computer.  The  current  standard  of  CAT  could  not 
be  used  as  a  routine  inspection  tool  because  the  technique  only  examines  a  one  milli¬ 
metre  section  and  a  tail  rotor  blade  and  would  require  approx.  600  shots  in  a  full 
evaluation  giving  a  total  inspection  time  per  item  of  50  hours.  However,  in  spite  of 
the  restrictions  of  the  existing  form,  CAT  does  offer  a  solution  for  evaluating  complex 
arrays  of  defocts  in  structure. 

4.  FINAL  OUTCOMB 

The  data  generated  from  the  joints  programme  indicated  that  joints  in  composite 
structure  would  be  permissible  provided  an  allowance  for  the  loss  in  strength  was  made 
in  the  design.  The  size,  location,  quantity  and  method  of  cutting  of  the  joint  in  a 
given  structure  must  be  controlled. 

From  the  evidence  gained  from  the  tail  rotor  blade  evaluations,  the  fatigue 
performance  of  composite  structure  appeared  to  be  more  tolerant  of  fibre  wrinkling  than 
may  have  been  postulated  at  the  early  stages  of  the  development  project.  Thus  in  future, 
designers  in  composite  structures  may  adopt  a  less  critical  approach  to  defects  in 
composites  providing  sufficient  substantiation  test  data  is  accumulated  on  the  lowest 
acceptable  standard  for  the  component  to  achieve  the  necessary  confidence  for  flight 
clearance. 


Photograph  (1)  Mag.  X2Q0  Scalpel  Cut  Butt  Joint 


Photograph  (ii)  Mag,  X10O  Laser  Cut  Carbon  Prepreg,  Swollen  Fibres 
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Photc‘?raph  (xi)  Mag.  X4 
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SUMMARY  J 

— --*]  During  production  of  advanced  composite  structural  parts,  because  of  material  or  manufacturing  process  _ 

anomalies,  some  typical  defects,  such  as  porosity  and/or  delaminations,  may  become  embodied  into  the  final  . 

product.  In  order  to  improve  the  accept/reject  criteria  for  typical  defects,  AEKITALIA's  G.V.C.  Laborato¬ 
ries  have  carried  out  a  static/fatigue  test  program  on  specimens  in  which  various  porosity  levels  were  si-  i 

mulated.  Further,  an  attempt  has  been  made  to  correlate  mechanical  performances  with  the  ultrasonic  energy  I 

absorption  measurra  '4—  ] 


1  INTRODUCTION  j 

In  manufacturing  of  composite  aerospace  structures  the  interaction  among  many  process  variables  may  * 

cause  the  presence  of  typical  defects  in  final  product.  Often  ouch  defects  are  a  direct  consequence  of  the 
deviation  occurred  on  otic  or  more  process  parameters  ami  may  be  concert trateu  on  small  areas  (delaminations, 
voids,  inclusions,  etc.)  or  may  npread  on  large  parts  of  the  structure  (porosity). 

Once  manufocturing  defects  have  boon  detected,  it  is  necessary  that  specialists,  who  are  charged  with 
the  responsibility  of  accepting  or  rejecting  the  defective  parta,  may  compare  the  actual  situations  with 
suitable  reference  standards,  in  order  to  foresee  the  decay  of  mechanical  performances  relevant  to  the  de¬ 
tected  defects. 

Among  the  defects  that  may  affect  wide  parts  of  Graphite/Epoxy  (GR/EP)  structures,  porosity  is  a  most 
typical  one,  particularly  if  fabric  material  is  predominating  in  the  lay-up;  further  the  repair  of  porosity  I 

affected  areas  is  difficult  and  expensive.  When  porosity  is  present  on  a  cocured  box  shape  structure,  as  ! 

for  instance  a  torsion  box,  an  it  is  not  possible  to  replace  defective  parts  (panels,  ribs  and  spars),  it 

may  occur  that  the  complete  structure  has  to  be  rejected.  i 

Deviations  in  manufacturing  process  that  may  cause  porosity  inside  GR/EP  laminates  are  well  know  and  j 

the  outstanding  ones  are: 

1 

inadeguate  preanui  on  the  laminate,  caused  by  bridging  between  ply  and  bag  or  between  ply  and  rubber 

tools  , 

low  pressure  on  laminate  caused  by  a  vacuum  bag  loakago  ^ 

phase  error  between  temperature  and  pressure  cycles  due  to  autoclave  malfunction  t 


local  lack  of  resin  overflowed  out  of  the  laminate  or  irregularly  spread. 

Porosity  in  laminates  may  be  detei  „ed  by  means  of  suitable  equipments  for  Non  Destructive  Testing 
(N.D.T.);  in  particular  at  AERITALIA  Combat  Aircraft  Group  many  "Through  Transmission  Ultrasonic"  (T.T.U.) 
facilities  are  operating  for  inspection  of  manufactured  ports. 


Defects  are  detected  when  some  anomalous  attenuation  occurs  on  ultrasonic  onergy  (Frequency  ■  1  MHz) 
transmitted  through  the  material  thickness  when  the  structure  is  scanned.  The  ultrasonic  energy  measures 
are  recorded  on  a  pi'int  out  paper  as  attenuation  levels,  with  a  resolution  of  6  dB  and  a  total  dynamic  ran 
ge  of  72  dB . 

In  order  to  evaluate  the  influence  of  porosity  on  mechanical  performances  of  CR/EP  composite  etructure, 
AERITALIA 'a  G.V.C.  Laboratories  started  a  static/fatigue  testing  program,  whose  results,  even  though  at  pre 
sent  only  on  comparison  basis,  have  to  provide  an  experimental  base  for  the  improvement  of  existing  accept/ 
reject  criteria. 

Furthermore,  .on  attempt  has  been  made  to  correlate  mechanical  performances  with  the  ultrasonic  energy 
absorption  parameters  coming  from  N.D.T. 


This  paper  presents  the  testing  method  adopted  and  the  results  achieved  on  part  of  GR/EP  materials  in 
the  present  AERITALIA  composite  structures.  Static  and  cyclic  fatigue  teats  lv  ve  been  carried  out  on  lami- 
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nates  manufactured  with  fabric  prepreg  type  3000  yarn,  7  mil.  inch  thickness,  plain  weave,  40%  nominal  re¬ 
sin  content  and  T  300  fibers. 

2 

In  addition  the  static  behaviour  of  specimens  laminated  with  unidirectional  prepreg  type  95  gr/m  .37% 
resin  content,  T  300  fibers,  has  been  investigated.  At  present  further  tests  on  other  kinds  of  GR/EP  mate 
rials  and  more  complete  load  simulation  are  still  in  progress. 


2  POROSITY  SIMULATION 

The  porosity  examples  in  GR/EP  laminates  that  we  have  most  often  found  are  those  caused  by  lack  of  pres 
sure  during  epoxy  resin  polymerization  cycle.  Within  the  aim  of  the  present  work,  we  have  therefore  selec¬ 
ted  as  porosity  simulation  the  technique  of  reducing  the  autoclave  pressure  below  the  requeeted  values ,whi 
le  the  temperature  followed  its  own  cycle  within  specific' '.ion  tolerances.  The  choice  of  pressure-level  in 
the  specimen  fabricated  for  mechanical  testing  purposes  has  been  guided  by  the  results  obtained  during  the 
preliminary  tests;  such  results  were  compared  with  defective  situation  ascertained  on  actual  structures. 

Particularly  in  Fig.  1  ere  clearly  outlined  the  panel  sections  of  solid  laminate  obtained  out  of  the 
Bame  material  but  cured  with  4  different  pressures;  the  fig.  number  2  shows,  instead,  a  sandwich-panel  in 
which  strong  porosity  is  evident  with  delamination  trend.  Each  defect-degree  simulated  has  been  correlated 
to  the  ultrasonic  energy  attenuation  levels  (f  -  1  MHz)  picked  up  on  the  Non  destructive  Test  (N.LJ.T.)  of 
the  type  Automatic  Through  Transmission  Ultrasonic  (A.T.T.U.)  operating  at  G.V.C,  in  TORINO  -  Factories. 

The  simulated  porusity  lovel  characterization  was  finally  completed  with  the  density  measures  and  the  voids 
percentage  in  each  laminate.  The  average  values  of  the  above  said  measure**,  over  the  whole  testing  are  Bhown 
at  table  I. 


3  TEST  PROGRAMME 

From  the  panels,  polymerized  with  fonr  Afferent  autoclave  pressures,  and  after  the  ultrasonic  absorp¬ 
tion  is  measured,  both  the  specimens  fo*-  f-  *.  ~nd  static  teste  vt-re  cut.  For  each  material  was  in  such 

cay  possible  to  directly  relate  the  fatigue  and  the  ultimate  Btatic  resistance  values,  indopentently  of  the 
dispersion  factor  which  must  be  recr^ed  ■  ith  4/  -never  b;‘  ^ches  from  different  supply  sources  are  uaed. 
However,  limitedly  to  the  panelB  oh  air.  ■'  "  ir.  *u,  terial  type  3K70  PW,  since  the  testing  took  place 

in  tw^  different  stages,  the  results  ori..-;.  .at .  -  *  it  oi  'ey o  different  Bupply  sources  are  available,  which 
allows  also  the  counterproof  that  betw^ ;n  t'  i  two  vhu  behaviour  is  analogous,  both  ae  concerning  the  porusi 
ty  simulation  and  th  physlcal/mechanicm  List  results. 


3.1  STATIC  TEST 

Over  a  total  of  249  specimen*.,  that  had  not  previously  abnorbed  humidity  and  under  ambient  temperatu¬ 
re  conditions,  the  following  teota  were  taken:  tensile,  compressive,  interlaminar  shear  (ehort  beam)  and 
flexural .  The  shape  of  the  specimens  and  test  methods  chosen  aro  identical  to  those  prescribed  by  the  pre¬ 
sent  Aeritalia  Standards  for  incoming  acceptance  of  the  respective  materials  (see  fig.  3). 

It  haB  thus  been  possible  to  omogeneously  compare  the  Btatic  strength  of  the  porous  specimens  with  tho 
so  previously  obtained  both  from  Aeritalia  Laboratory  cud  from  Suppliers,  totalling  therefore  other  additig 
nal  80  specimens.  The  average  values  of  the  obtained  results  are  summarized  in  tab.  II. 

As  envisaged,  because  of  the  different  resin  viscosity  arid  it.i  flowing  between  the  fibreB,  fabric  Ismi 
nates  have  showed  a  higher  sensitivity  to  the  affect  of  pressure  variation,  compared  to  unidirectional  tape. 
This  was  evidenced  before  by  the  ultrasonic  absorption  and  void  content  measures  (Tab.  I)  and  then  confir¬ 
med  in  terms  of  static  performances  decay  when  decreasing  the  autoclave  pressure  (Tab.  II  and  III).  Further 
more,  ever  since  the  first  teats  taken  on  supplier  A  material,  it  appeared  evident  that  the  mechanical  cha 
racteristics  more  greatly  affected  by  the  presence  of  porosity  are  those  "resin  dominated"  (compression 
and  ILSS). 

From  Tab.  Ill  it  can  be  noticed  that  all  the  tested  laminates  have  maintained  nearly  unchanged  their 
mechanical  performances  when  reducing  the  autoclave  pressure  from  600  KPa  down  to  300  KPa.  Decreasing  from 
300  KPa  to  150  KPa  the  fabric  laminates  have  lost  in  average  24%  in  compression  and  16%  in  interlaminar 
shear  strength.  Fabric  laminates  from  either  suppliers  A  and  B  have  behaved  statically  In  an  analogous  way. 
As  already  mentioned,  unidirectional  laminates  showed  a  lower  degree  of  sensitivity  to  the  autoclave  pressu 
re  variation.  In  fact  the  compression  resistance  of  panels  cured  at  150  KPa  has  turned  out  to  be  reduced 
of  only  6%  and  the  interlaminar  shear  strength  of  16%.  Also  panel  polymerized  at  only  50  KPa  have  evidenced 
a  remarkable  rosidual  resistance,  reduced  to  36%  under  compression  and  27%  under  interlaminar  shear. 


3.2  FATIGUE  TESTS 


The  up  to  now  performed  fatigue  teste  have  been  carried  out  over  a  total  of  120  specimens,  laminated 
in  fabric  material  type  3K-A0-PW,  with  lay-up  0*/90a.  Besides,  the  same  laminates  from  which  the  static 
test  specimens  were  cut  have  also  been  UBed  for  the  comparative  evaluation  of  the  porosity  effects  under 
fatigue  loading. 

In  order  to  submit  it  to  cyclic  loads  either  tensile  and  compressive,  the  specimen:;  at  fig.  4  was  de¬ 
signed}  its  profile  is  derived  from  that  of  the  tensile  one  for  fabric  laminates  but  the  width  of  the  cen¬ 
tral  section  with  parallel  sides  has  been  increased  from  12.7  mm  to  lb. 5  nun,  in  order  to  obtain  a  width/ 
thickness  proportion  of  about  5.  Even  if  with  such  proportion  the  uniformity  of  the  stresses  in  the  usefull 
nection  of  the  specimen  lc  affected  by  th«»  prenenc#  of  edge  affects,  it  can  be  assumed  theat  the  validity 
of  the  obtained  results,  which  are  anyhow  of  comparative  type,  is  reliable.  Besides  having  the  advantage 
of  being  worked  out  in  an  economical  and  rapid  way,  this  specimen  is  easily  coupled  to  a  device  that  pre¬ 
vents  its  giving-in  due  to  instability  under  compression  loads  (see  fig.  5). 

Furthermore  this  equipment,  being  fastened  to  the  machine  frame,  assures  the  reproducing  of  the  assem¬ 
bling  conditions  of  the  specimens  between  the  jaws. 

The  performed  fatigue  testB  have  a  sinusoidal  wave  loads,  which  are  applied  at  frequencies  ranging  bet 
ween  6  and  10  Hz,  depending  on  load  amplitude  and  on  the  loading  frame  used.  Because  the  difference  between 
ultimate  tensile  and  compressive  stresses  on  fabric  laminate  has  showed  to  be  of  the  same  degree  aa  the  neat 
ter  between  the  correaponeing  experimental  values,  the  fatigue  stresses  were  calculated  with  a  view  to  a 
single  ultimate  value  <539  MPa),  obtained  averaging  the  results  of  the  ultimate  tensile  and  compressive  testa 
on  lamina tea  cured  at  600  KPa. 

The  section  of  the  specimens  have  ail  been  referred  to  the  nominal  thickness  of  2.95  mm,  neglecting 
thus  the  fact  that  final  thickness  of  the  polymerized  laminates  is  affected  by  thu  autoclave  cure  respecti¬ 
ve  pressure. 

The  120  fatigue  teats  have  all  been  carried  out  at  ambient  temperature  and,  out  of  these,  84  have  been 
performed  on  specimens  without  any  prior  aging  treatment,  while  36  (18  cured  at  150  KPa  and  IB  at  300  KPa) 
have  undergone  an  aging  for  21  days,  immersed  in  wuler  at  60° C.  At  the  end  of  such  period,  the  specimens 
cured  at  150  KPa  have  absorbed  the  2,1  humidity  in  weight,  while  those  cured  at  300  KPa  have  absorbed  0,9%. 

The  fatigue  results  of  fabric  laminates  are  reported  in  Tab.^lV  and  in  S-N  curves  at  Teb.  V. 

From  them  it  seems  that  for  lives,  ranging  between  5.104  and  5.10  sinusoidal  cycles,  the  peak  to  peak  am¬ 

plitude,  both  with  H  *»  0  and  with  H  -  1,  is  practically  the  same,  el  tiler  for  laminates  cured  at  600  KPa  or 
for  those  at  300  KPa.  In  the  same  cycle  interval,  the  specimens  cured  at  150  KPa  have  withstood  stress  le¬ 
vels  that,  referred  to  those  of  the  600  KPa  specimens,  at  U  u  0  are  b%  lower  while  at  K  =■  -1  are  only 
2  +  3%  lower.  It  is  furthermore  noticed  that,  according  to  S-N  curves,  such  differences  In  stresses  (.cud  to 
further  decrease  when  the  respective  livea  overcome  10  cyclen. 

By  compuring  the  results  of  the  tests  with  II  «  O  to  those  with  H  1  it  is  possible  also  to  remark  that 
between  the  applicable  stresses,  at  equal  lives,  a  constant  proportion  of  about  2  is  exiating  and  for  which 
the  fatigue  life  of  fabric  laminates,  weather  in  presence  or  absence  of  porosity,  uoemti  to  depend  mono  or. 

the  peak/peak  range  of  the  applied  stresses  than  on  their-  sign. 

The  behaviour  of  the  specimens,  aged  in  a  humid  environment,  under  fatigue  loads  R  ■  -  1,  has  appeared 
consistent  with  that  of  dry  opecimens.  In  particular  specimens  cured  at  150  KPa  havo  withstood  stress  levels 
about  2%  below  those  c^red  at  300  KPu,  which  havo  in  turn,  exibited  3%  slump  in  respect  of  the  non  aged  npo 
cimena  600  KPa  at  5.10  cycles  life. 


5  CONCLUSIONS 

Comparing  the  reaulta  of  static  testa  with  thoau  of  fatigue  teals  it  iu  possible  to  assume  that  the 
presence  of  poroulty  in  GR/EP  laminateB  causes  a  decay  in  mechanical  performances  which  is  more  Bizable  in 
Btatic  conditions  then  under  fatigue  loads.  The  above  occurrance  makes  the  results  of  utatic  teatu  appear 
more  conservative  compared  to  the  fatigue  ones,  conferring  them  sufficient  validity  in  the  characterization 
of  the  porosity  effects,  expecinlly  when  suitable  fatigue  test  results  are  not  available  yet. 

Even  if  by  meane  of  the  N.D.T.  system  A.T.T.U.  type  was  possible  to  evidence  the  presence  of  porosity 
in  laminates,  it  appears  premature  to  correlate  at  this  stage  such  indications  directly  with  the  structural 
performance .  In  fact  the  effect  of  porosity  on  mechanical  performances  hau  nlrjo  showed  up  on  laminutcn  that 
had  not  previously  yelded  appreciable  variation  on  N.D.T.  result.-.. 

Studies  are  therefore  being  conducted  at  Aeritalia  in  order  to  Improve  the  sensibility  and  resolutions 
of  the  exiating  ultrasonic  methods,  as  well  aa  net  up  new  instrumentation  endowed  with  more  advanced  perfor 
raance  capabilities. 


94 


MACROGRAPH  OF  SAMPLES  CURED  AT  0,5;  1,5;  3;  6  ATM 
AND  RELEVANT  A.T.T.U.  PRINT  OUtf. 


MACROGRAPHS  OF  HONEYCOMB  PANEL  SECTIONS  INCLUDING 
POROSITY  AND  PrLEVANT  A.T.T.U,  PRINT  OUT. 


ADP001918 


THE  EFFECT  OF  DAMAGE  C if  THE  TSNSILE  AND  COMPRESSIVE  PERFORMANCE  OF 
CARBOJ  FIBRE  LAMINATES 

■by 

Sarah  M  Bishop 
Graham  Dorey 

Matarinlu  &  Structures  Department 
Royal  Aircraft  Establishment 
FARNBOROUGH 
Hampshire 


SUMMARY 

_  The  type  of  defect  or  flaw  produood  when  CFHP  is  damaged  in  service  depends  on  the  structural  design 
and  the  conditions  of  damage  such  as  the  energy  and  momentum  of  an  impact*  These  defects  are  stress 
raisers  which  may  reduce  the  strength  of  the  stixiaturo.  There  Is  a  need,  following  non-destructive 
inspection,  to  be  able  to  predict  the  residual  performance  so  that  decisions  con  be  made  on  whether  to 
monitor,  repair  or  roplaco  the  component. 


Various  types  of  damagu  produced  by  typioal  impact  situations  have  been  assessed  hon— destructively  and 
Uie  effect  on  strength  determined  in  tension  and  compression  undor  both  static  and  fatigue  loading.  For 
example  areas  ol’  deliuuinutiou,  shown  by  suctioning  to  be  multiple  de]  ami  nation  between  the  plies,  reduce 
the  ooinproosive  strength  by  looal  buckling  processes.  Detailed  examination  of  the  fraoture  mechanisms  at 
machined  notches  cinphuui7.es  the  importanae  of  offeots  in  neighbouring  plies  influencing  the  stress 
concentrations  in  the  load  oarrying  0°  fibres.  Theso  studies  have  given  a  batter  insight  into  the  factors 
whioh  ftffeot  the  toughnoBs  and  strengths  of  CFRF  with  stress  raisers,  nnd  have  hulpod  oxplain  the  residual 
strengths  of  damaged  carbon  fibre  laminates.  ^ 
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Carbon  fibres  are  Btrong,  stiff  and  light  making  thorn  attractive  for  aerospaoe  load  bearing  structures. 
The  high  strength  and  stiffness  ia  only  exhibited  in  tho  fibre  direction  and  for  moat  praotioal  applica¬ 
tions  laminates  are  made  from  layers  of  fibion  laid  at  angles  to  each  other  so  that  loads  can  be  carried 
in  several  difforent  directions  in  the  piano  of  the  laminate.  Because  there  1b  a  marked  reduction  in 
modulus  for  off-axis  fibres,  when  a  laminate  is  stressed  most  of  the  load  is  carried  by  the  fibres  in  the 
loading  direction  (0°  fibres). 


Damage  and  defeats  aot  an  stress  raisers  whioh  can  cause  premature  fracture.  Xu  homogeneous  materials 
the  behaviour  may  bo  predicted  by  calculations  of  stress  oonoentration  or  for  sharp  oraoko  by  frooturo 
meohaniosj  thu  main  effect  is  the  propagation  of  oraoke  perpendicular  to  the  main  tensile  stress. 

Coinpontto  materials  however  contain  weak  fraoture  paths  parallel  to  the  fibroH,  and  crooks  oon  propagate 
in  any  direotion  and  any  plane  relative  to  the  main  applied  load,  depending  on  the  local  stresses  and 
looal  material  properties.  Somo  of  these  oraoke  may  be  detrimental  and  reduce  thu  material  strength  but 
somo  may  be  benofioial  in  blunting  notohos  and  increasing  tho  material  toughness.  Of  major  oonoom  iu  tho 
effeot  on  the  load-oar  lying  0°  fibres, 

Wlion  carbon  fibru  ruinforoed  plastios  (CFRP)  aro  subjected  to  impact,  the  type  of  damage  whioh  ooours 
depends  on  tho  incident  energy  and  momentum,  material  properties  and  the  geometry* .  No  damage  occurs  if 
tho  energy  of  the  projeotile  is  accommodated  by  the  elastic  strain  energy  in  tho  material.  Simple 
calculations  have  been  made  of  the  energies  nocesBary  to  cause i 

a.  del  aini  nation  (  ^/9 )  ( 1 2/E )  (w  i'  Vt ) 

b.  flexural  fracture  (l/l8)(y^/E)(w£t) 

o.  penetration  rrYtd 


where  x  is  the  interlaminar  shear  strength,  o*  tho  flexural  strength,  E  the  Young’s  modulus,  y  the 
through-thickness  fraoture  energy,  d  the  diameter  of  the  projectile,  and  w,«  and  t  the  width,  longth 
and  thickness  of  the  flexed  part  of  the  test  specimen.  Whether  delamination  or  flexural  fraoture  occurs 
depends  on  the  relative  values  of  t  and  c  and  the  spor>»to-«iepth  ratio  t/t  ;  impact  damage  is  less 
likely  when  there  are  low  modulus  layers  on  the  outside  such  as  £4 5°  layers  or  Kavlar  or  glass  fibres. 

Whether  penetration  ooours  depends  not  only  on  the  incident  enorgy  but  on  the  size  of  the  projectile; 
penetration  is  more  likely  for  small  masses  travelling  at  high  velocities, 

Dropweight  iiapaot,  generally  results  in  either  delamination  or  flexural  fracture  (tensile  or 
compressive)  where  fibres  are  broken.  In  the  work  now  reported,  damage  was  produoed  by  a  weighted 
projeotile  with  a  IQum  diameter  nose  dropped  through  1  metre  onto  the  laminate  supported  on  a  lOOium  ring. 

The  effect  that  suoh  damage  has  on  the  tenBile  and  compressive  strengths  of  current  high  strength  carbon  fibre/ 
epoxy  composites  is  illustrated  in  Figure  1  for  &  2mm  thick  (0°,  ±45°)  laminate  with  the  0°  fibres  on  the 
•  outside2.  (in  this  paper,  strengths  are  always  expressed  in  terms  of  the  applied  etreas  remote  from  the 
damage  or  notch.)  Delamination  produced  by  1-2  Joule  impact  energies  resulted  in  a  6C$  <U*orease  in 
compressive  strength  whereas  the  tensile  strength  was  unohanged,  Broken  0°  fibres,  in  addition  to 
delamination,  produced  at  higher  impact  energies  resulted  in  a  2 %  reduction  in  tensile  strength  but  no 
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further  reduction  in  compressive  strength  wsb  measured.  In  thiB  case  the  impact  damage  reduced  the 
compressive  porf ormance  more  than  the  tensile  performance.  However  in  a  more  brittle  composite  (see 
Figure  2)  the  reduction  in  strength  was  slightly  more  in  tension  than  compression.  In  this  1-Jmm  thick 
multidirectional  laminate  the  fibre-matrix  bond  strength  was  greater  and  less  delamination  occurred  such 
that  broken  fibres  had  the  bigger  effect  and  greater  reductions  in  tensile  strength  occurred. 

Thus  broken  fibres  have  more  effcot  on  the  tensile  properties  and  dslamination  has  more  effect  on  the 

compressive  properties. 

2  NOTCH  SENSITIVITY  OF  CARBON  FIBRE  REINFORCED  PLASTICS  UNDER  TENSION 

An  understanding  of  the  factors  affecting  the  tensile  behaviour  of  damaged  CFRP  where  fibres  are 
broken  can  be  obtained  from  studies  of  tho  failure  mechanisms  at  machined  notchcu  and  holes. 

When  a  tensile  load  is  applied  to  a  notched  laminate,  zones  of  damage  form  at  the  notch  tips  &b  a 
result  of  the  high  stresses  in  these  regions.  These  damage  zones  consist  of  shear  cracks  parallel  to  the 
fibres,  delamination  between  the  layers  and  occasionally  broken  fibres.  (Generally  tho  effeot  of  a  damage 
zone  is  similar  to  that  of  a  plastio  tone  in  metals;  released  energy  is  absorbed  by  the  formation  of  ths 
zone  and  the  peak  streBo  at  the  notch  tip  is  reducod.  Effectively  the  damago  zone  blunts  the  notch. 

In  Figure  3,  a  laser  moire  teohniqus^1^  h&B  been  used  to  show  the  damage  zones  produoed  at  the  tips 

of  a  sharp  transverse  notch  in  a  (0°,  ;45°)  laminate.  The  moire  fringes  are  contours  of  oonstant  in-plane 
deformation  with  a  deformation  of  2.5pm  occurring  between  fringes.  Shear  oraoks  in  the  surface  layer  are 
indicated  by  discontinuities  in  the  fringes  and  oraoks  in  the  layer  below  the  surface  are  indicated  by 
olosely  spaced  fringes  associated  with  high  surface  strains. 

In  Figure  4,  surfaoe  deformations  due  to  damage  zones  obtained  at  sharp  notches  and  circular  holes 
just  before  failure  are  shown  for  two  (0°,  +45°)  laminates  with  the  layers  stacked  in  different  sequences. 
Damage  zunoc  at  sharp  notches  wore  larger  than  at  oiroular  holes  and  surface  observations  consisted  of 
shoal*  oraoka  parallel  to  the  fibres  in  the  surface  layer,  deformations  due  to  craoks  in  the  laysra  below, 
and  delamination;  at  oiroular  holes  only  shear  oraokB  in  the  surface  layer  were  observed.  The  blunting 
effeot  of  the  damage  zones  at  sharp  notches  wan  such  that  the  failure  stresses  wore  voiy  similar  to  those 
for  oiroular  holes. 

In  Figure  5»  the  variation  of  tensile  failure  stress  with  notch  size  and  shape  is  shown  for  another 
(0°,  *45°)  carbon  fibre/epoxy  laminate.  In  thiB  oaae  tho  failure  stresses  for  sharp  notches  (length  2a) 
were  only  1O-20#  lower  than  those  for  oiroular  holes  if  diameter  2a.  In  the  range  considered,  all 
specimens  with  a  notch  tip  radius  of  2.5mm  and  length  2a  failed  at  stresses  within  a  few  percent  of  those 
for  oiroular  holes  of  diameter  2a.  It  can  be  suen  that,  because  of  the  presence  of  a  damage  zone,  the 
etresB  concentration  effeot  when  a  sharp  notch  is  present  is  significantly  less  than  might  be  expected 
from  homogeneous  anisotropic  platu  thoory.  Thin  rsduotion  in  stress  concentration  will  also  occur  for 
damage  Involving  broken  fibres  iu  CFRP. 

All  oraoking  mechanisms  in  tho  damage  zone  absorb  energy.  However  0U  shear  cracks  parallel  to  the 
load  bearing  0°  fibres  are  the  most  beneficial  in  that  they  blunt  the  notch  in  the  0°  layer  and  reduoe  the 
otrouu  concentration  at  the  notch  tip.  Such  0°  shear  oraoking  is  constrained  by  the  neighbouring  layers. 
Local  delamination  in  the  damage  zone  between  0°  layers  and  adjacent  layers  is  beneficial  in  tension  in 

that  it  removes  these  constraints  and  allows  more  notoh  tip  blunting  to  occur. 

The  significance  of  delamination  in  reducing  notch  sensitivity  can  be  illustrated  by  looking  at  the 

effect  of  layer  thickness-5  in  Figure  6.  It  can  be  seen  that  increasing  the  specimen  thickness  by  keeping 
tho  layerB  thin  and  repeating  the  basic  stacking  sequence  had  little  effeot  on  the  notched  tonsils  failure 
stress.  However  increasing  th*i  layer  thickness  by  four  timee  resulted  in  almost  a  increase  in  failure 
Btresu.  This  is  becaune  the  interlaminar  shear  stress  increases  with  increased  layer  thickness,  more 
dolanii  nation  oooui't)  and  thus  there  Id  lens  constraint  on  0°  shear  cracking. 

Whim  delamination  does  not  oocur,  interactions  take  place  between  the  load-bearing  0°  layer  and  the 
adjacent  layers-*.  In  Figure  7  is  shown  the  effeot  on  the  0°  layer  at  the  notch  tip  of  45°  shear  craoking 

in  a  neighbouring  450  layer,  Crack  opening  and  shear  along  the  45°  cx*aok  results  in  a  nigh  stress  band  in 

the  0°  layer.  With  increased  applied  stress  the  45°  crack  grows,  tho  stress  in  the  0°  layer  increases  due 
to  increased  crack  opening  and  shear  and  eventually  0°  fibres  broak  along  the  45°  line.  The  formation  of 
0°  shear  oracks  at  tho  tip  ol’  this  crook  in  the  0°  layer  may  stabilize  crack  growth.  Thus  45°  cracking  in 
45°  layers  has  a  detrimental  effect  on  adjacent  0°  layers.  This  effect  is  removed  if  lcoal  dolaminatton 
occurs  between  tho  0°  and  45°  layer. 

Thus,  to  summarize,  at  a  notoh  in  a  (0°,  i45°)  laminate  under  tension 

1  0°  nhoar  crooking  is  beneficial  because  it  reduces  tho  Btrcss  concentration  on  the  loadbearing 

0°  layers, 

2  45°  shear  cracking  is  detrimental  because  it  inc reason  tho  stress  on  the  0°  layers, 

3  delamination  between  the  0°  and  45°  layers  is  beneficial  in  that  it  inorcaGoa  the  amount  of  0°  shear 

oraoking  and  reduces  effects  duo  to  45  shear  cracking. 

The  actual  failure  mechanisms  which  occur  at  the  notoh  tip  depend  on  the  etaoking  sequence  of  the  layers. 

In  Figure  0,  failed  specimens  with  (0°,  i45°)  lay-upB  are  shown.  In  both  cases  the  proportions  of  0° 
layers  and  I450  layers  are  the  same  but  the  stacking  sequences  are  different.  In  Figure  8a,  the  outer  0° 
layers  have  failed  along  &  45°  line  from  the  notoh  tip;  no  delamination  has  occurred  between  the  0°  layer 
and  the  adjacent  *45  layor  (the  delamination  seen  in  Figure  Oa  is  between  the  +45°  layers  and  the 
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-45°  layers).  In  Figure  8b,  the  inner  0°  layers  have  delaminated  from  the  45°  layers  and,  al  ough  there 
is  0°  shear  crooking,  the  main  failure  direction  iB  along  r  90°  line  from  the  notch  tip* 

In  Table  1,  dutails  of  the  failures  at  10mm  notches  are  related  to  the  stacking  sequence  fnp  four 
different  layMipa  with  the  same  proportions  of  0°  layers  and  £45  layerB.  The  direction  of  the  line  of 
failure  in  0°  layers,  the  de laminations  (shown  by  arrows)  and  the  effect  these  had  on  the  failure  stress 
arc  shown.  In  all  cases  delamination  ocourred  between  the  +45°  layers  and  the  —45°  layers*  In  the  first 
lay-up  the  0°  layers  foiled  along  a  45°  lino  with  no  delaminati on  between  the  0°  and  45°  layers.  In  this 
case  it  should  be  noted  that  the  two  45°  layers  on  either  side  of  each  0°  layer  were  orientated  in  the 
same  direction.  In  the  second  lay^ip  delaminati on  ocourred  between  the  outer  0°  layers  and  the  45°  layers 
and  these  0°  layers  failed  at  90°»  Note  the  45°  layers  either  side  of  these  outer  0°  layers  were 
orientated  in  different  directions;  the  inner  0°  layers  bounded  by  +45°  layers  failed  in  the  445° 
direction.  The  failure  stress  was  greater  for  the  second  lay-up  where  there  were  more  delamination  pianos, 
delaminati on  occurred  between  the  0°  and  45°  layerB  and  0°  fibres  had  failed  at  9°°*  The  types  of 
failures  for  the  third  and  fourth  lay-ups  were  mixed  within  the  same  specimen.  In  both  lay-ups,  45°  layers 
oither  side  of  0°  layers  were  orientated  in  the  same  direction  but  because  thB  0°  layers  were  thick 
delamination,  oometimos  occurred  between  0°  layers  and  43°  layers.  The  mean  failure  stresses  were  higher 
than  for  tho  other  two  lay-ups  but  there  was  moie  scatter  in  the  results  probably  because  of  the  mixed 
types  of  failure  mechanisms. 

In  Table  2,  failure  mechanisms  at  notch  tips  are  BunuTiarized  for  thiB  and  other  worlc^.  Delamination 
usually  takas  place  between  445°  and  -45°  layers  thus  separating  the  laminate  locally  into  smaller  layerod 
units.  Where  one  or  two  0°  layers  lie  between  a  445°  layer  and  a  -45°  layer,  or  sometimes  when  0°  layers 
are  thick,  dolamination  ocours  at  the  0°/45°  interface,  0°  shear  oraoking  takes  place  and  the  detrimental 
effects  of  45°  cracking  are  reduced,  and  the  0°  layers  fail  along  a  £0°  line*  In  laminates  where  the  45° 
layers  adjacent  to  0°  layers  are  orientated  in  the  same  direction  and  the  0°  layerg  are  thin,  oraoking  of 
the  0°  layers  along  45°  lines  occurs.  Sometimes  this  offeot  is  seen  for  thioker  0  layerB  where  delaminar- 
tion  docs  not  take  place.  Tho  45°  oraoking  results  in  a  lower  failure  stress. 

One  way  of  possibly  reducing  tho  extent  of  45°  crooking  is  to  use  fibreB  in  tho  form  of  woven  oloth. 
Wovon  laaturial  is  an  attractive  material  for  use  in  aircraft  Btruoturos  because  of  its  hondleability . 
However,  it  is  not  desirable  to  use  woven  material  to  oarry  tho  primary  loads  beoouse  the  fibres  will  be 
distorted,  but  woven  oloth  can  be  UBed  in  the  £45°  layers. 

Sams  work  lias  beon  carried  out?  on  the  effect  of  substituting  woven  £45°  layers  for  non-woven  £45° 
layers  in  (0°,  £fl5°)  laminates.  Oloth  with  a  five  shaft  satin  weave  was  used  in  the  £45°  layers.  In 
Table  3,  moan  failure  stresses  for  Bpeoimonu  with  IQjuu  sharp  notches  are  compared  for  laminates  with  woven 
±45°  layers  and  those  of  non-woven  material  for  three  lay-ups.  For  the  first  ond  second  lay-ups,  the 
failure  stresses  wore  similar  for  woven  and  non-woven  £45°  layers  despite  the  lower  volume  fraction  of 
fibres  in  the  woven  material.  Comparing  lay-ups  1  and  2  it  oan  be  seen  that  the  greater  failure  stross 
due  to  thicker  0°  layers  was  still  obtained  for  the  laminate  containing  woven  £45°  layers.  The  first  and 
third  lay*-upB  with  non-woven  £45°  layers  failed  by  45°  oraoking  of  the  0°  layers  as  a  result  of 
detrimental  45°  shear  oraoking  as  described  earlier.  With  woven  £45°  layerB  it  would  be  expected  that 
Buoh  45°  shear  clanking  might  bo  limited  by  the  weave.  Indeed  for  the  third  lay^-up  ft  greater  mean  failure 
stress  was  obtained  with  woven  £45°  layups  indicating  that  this  can  occur. 

3  the  effect  of  delaminaticn  in  compression  and  fatigue  loading 

In  Figure  9,  areaB  of  delaminati on  produced  by  dropweight  impact  and  deteoted  by  ultrasonic  C— scanning 
toohniqucD  are  shown  for  a  (0°,  £4 9°,  90°)  lay-up  for  a  range  of  incident  impact  energies.  Elongated 
strips  of  dolamination  of  the  outer  0°  1  lyero  on  the  back  aurfaoo  are  evident  for  the  greater  energy  levels* 

In  Figure  10,  a  scaled  diagram  is  nliown  of  the  damage  obtained  from  a  microsoopio  examination  of  a 
polished  cross-section  of  a  (0°,  £45°)  laminate  after  impaot  with  an  incident  energy  of  2  Joules. 
Delamination  ooourred  throughout  tho  laminate  thiokneos  between  445°  and  -*45°  layers  and  between  0°  and 
45°  layors  but  waB  more  extensive  between  layers  towards  the  back  Burfaoo.  Shear  cracks  in  the  45°  layers 
wore  evident  but  no  broken  0°  fibres  wore  seen. 

Delaminated  areas  in  'impacted  (0°,  £45°)  specimens  were  assessed  before  and  after  testing  in 
oompreosion.  Some  of  these  results  are  shown  in  Figure  11.  During  the  oowpresBion  test,  an  antibuckling 
dovioe  was  uood  which  constrained  the  specimen  along  its  edges  and  at  its  ends  leaving  a  central 
reotangular  area  (see  daohed  lines  in  Figure  11)  free  to  deform  out  of  plana.  Small  impact  areas  ("'•'lOmm) 
such  as  that  shown  for  1  Joule  impaot  failed  in  a  compressive  mode  with  the  area  of  delamination  seen  after 
tout  resulting  from  the  energy  released  during  failure.  However  larger  delaminated  areas  such  as  those 
shown  due  to  2  and  4  Joule  impacts  produoed  buckling  instabilities  under  compression  loading  and  the 
delaminati  one  grew  transvorsoly  in  the  specimen  without  extending  along  the  length.  Suoh  behaviour  has 
been  prodictod  theoretically". 

In  Figure  12,  delaminated  areas  due  to  dropweight  impact  are  compared  for  (0°,  ±45°)  laminate®  with 
non-woven  and  woven  i45°  layers  (45°  layers  were  on  the  laminate  surfaces).  The  laminates  with  non-woven 
45°  layers  showed  extensive  delamination  in  the  45°  direction  but  this  was  not  seen  with  woven  ±45°  layers 
becauoo  delaaination  between  445°  and  -45°  layers  and  45°  shear  ©racking  was  limited  by  the  weave.  Thun 
tho  transverse  dimension  of  the  delaminated  area  was  much  narrower  with  woven  ±45°  layer®.  However  for 
thiB  lay-up  with  thick  0°  layers,  delamination  between  0°  and  45°  layers  appeared  to  be  greater  for  woven 
i45°  layera.  It  oan  be  seen  that  the  substitution  of  woven  doth  for  non-woven  material  oan  have  a 
significant  effect  on  the  extent  and  shape  of  impact  damage. 

In  Figure  13,  tho  properties  of  plain,  notched  and  damaged  specimens  are  oompared  in  tension  and 
compression  for  these  (0°,  ±45°)  laminates  with  woven  and  non-woven  £45°  layers.  Generally  the  oompressive 
strengths  woro  lower  tlian  the  tonuilo  strengths.  There  was  little  difference  between  the  properties 
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obtained  for  woven  and  non-woven  £45°  layers.  The  laminate  with  woven  £45°  layers  had  n  slightly  lower 
plain  tensile  strength,  as  expected  from  the  lower  fibre  volume  fraotion,  but  had  a  slightly  greater 
notched  tensile  strength  indicating  that  the  woven  material  may  have  modified  the  failure  mechanisms  at 
the  notoh  tip  advantageously.  The  most  significant  difference  was  obtained  for  specimens  containing 
damage  due  to  3  Joule  impact.  The  residual  compressive  strength  was  40$  greater  for  woven  £45°  layers 
than  for  non-woven  £d5°  layers  almost  certainly  due  to  containment  of  shear  cranking  and  delaraination  in 
the  woven  layers.  However  no  significant  difference  was  found  in  the  residual  compressive  strengths  of 
specimens  containing  damage  due  to  5  Joule  impact,  Also  the  compressive  strengths  of  damaged  and  notched 
specimens  with  nor^fovan  £45°  layers  were  similar  in  all  cases  showing  that  broken  fibres  oeui  also 
contribute  quite  significantly  to  a  reduction  in  compressive  strength* 

A  programme  of  work  has  been  carried  out  to  investigate  the  effect  of  impact  damage  on  the  tension— 

compression  fatigue  performance  of  a  (0°,  £45°i  9°°)  CFRP  laminate.  The  results  for  specimens  containing 
damage  due  to  3  Joule  impact  were  compared  with  those  for  undamaged  specimens.  In  Figure  14»  the  static 
strengths  of  the  laminate  are  shown  for  a  range  of  incident  impact  energies.  The  residual  tensile 
strength  of  a  specimen  with  3  Joule  impact  damage  was  similar  to  that  for  undamaged  specimens  indicating 
that  no  fibres  had  been  broken,  but  the  residual  compressive  strength  was  reduced  by  almost  due  to 

de lamination.  In  Figure  15,  the  effect  of  this  delamination  is  shown  in  specimens  subjected  to  fully 

reversed  oyclic  loading  (Qip)jeinoe  all  failures  occurred  in  compression  the  values  of  Btatic  strength 
plotted  were  only  of  oompreBsive  strength.  For  undamaged  speoimene  the  difference  between  the  static 
strength  and  the  stress  amplitude  for  fatigue  livea  of  10^  cycles  was  200  MPa  whereas  for  the  iapact 
damaged  specimens  fatigue  lives  of  10'— 10®  cycles  to  failure  were  achieved  at  stress  amplitudes  only 
80  MPa  less  than  the  static  strength.  Thus,  although  the  atatio  compressive  strength  was  substantially 
greater  for  undamaged  specimens,  the  stress  amplitude  at  which  long  fatigue  lives  could  be  achieved 
appeared  to  be  converging  for  undamaged  and  damaged  specimens.  The  results  indicate  that  in  the  damaged 
specimens  delamination  did  not  grow  substantially  during  fatigue  and  that  any  failure  prooeaaas  ooourring 
in  the  surrounding  undamaged  material  did  not  significantly  interact  with  the  impact  damage. 

4  SUMMARY  OF  RESULTS  AND  CONCLUSIONS 

When  damage  occurs  in  multidirectional  carbon  fibre/epoxy  laminates,  broken  fibres  reduce  the  tensile 
strength  whereas  de laminations  between  layers  reduce  the  compressive  strength.  Studies  carried  out  on 
specimens  with  machined  notches  show  that  notch  sensitivity  in  tension  depends  on  the  detailed  failure 
mechanisms  occurring  at  the  notoh.  Shear  cracking  parallel  to  0°  fibres  and  local  delamination  is 
bonsfioial  whereas  shear  oraoking  parallel  to  45°  fibres  can  have  detrimental  effects.  Whether  these 
failure  mechanisms  occur  and  to  what  extent  depends  on  the  material  proportion  and  the  layer  stacking 
Bequonoe.  In  (0°,  £45°)  laminates,  woven  £ 45°  layers  can  be  substituted  for  non-woven  £45°  layers  with 
little  difference  in  notoh  sensitivity  but  come  modification  of  failure  mechanisms  and  a  reduction  in 
detrimental  45°  shear  oraoking. 

The  effeot  of  impaot  damage  consisting  of  multiple  delaminationB  lias  been  assessed  in  compression. 
Large  delaminated  areas  produce  buckling  instabilities  and  grow  transversely  during  compression  testing. 

A  significant  effect  on  the  extent  and  shape  of  impact  damage  can  be  achieved  by  using  woven  cloth  instead 
of  non-^ovwi  material  in  the  —45°  layers  of  (0°,  ±45°)  laminates.  Delamination  and  45°  shear  cracking  are 
limited  by  the  weave  and  some  improvement  in  oaapreasive  performance  can  be  obtained.  During  tension* 
compression  fatigue  loading,  delamination  oaused  by  impact  does  not  appear  to  grow  signifioantly,  suoh 
that  long  lives  con  be  obtained  with  little  further  reduction  in  Btresu  amplitude. 
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Table  1 


STACKING  SEQUENCE  EFFECTS  CN 
THJSILE  FAILURE  OF  NOTCHED  CFRP 


1 

LAY-UP 

0°  -45°  449° 

o 

o 

°c 

445°  -49°  o° 

failure 

-*J5°  t 

+49° 

f  -49° 

294  i9  MPa 

2 

LAY-UP 

-45°  0°  +40° 

0°  0° 

449°  0°  w)5° 

FAILURE 

t  90°f 

+49° 

t*>°t 

333  120  MPa 

3 

LAY-UP 

,rO  .4r°  n° 

-43  +43  0 

0°  0° 

0°  445°  -49° 

FAILURE 

t  t 

90° 

t  t 

370  137  MPa 

AND 

45° 

4 

LAY-UP 

0°  0°  -45°  +4I>°  *•45' 

J  -49°  o°  0° 

FAILURE 

-49°  f 

i  i 

[ 

A  i 

3u9  +19  MPa 

AND 

5°  1  1 

i  1  5° 

HEUMINATION 


Table  2 

SUMMARY  OF  FAILURE  MECHANISMS  AT  NOTCH  TIPS  IN 
(0°,  ±43°)  CFRP  LAMINATES 


STACKING 

SEqJHJCE 

FAILURE  LINE 

OF 

o°  layers 

DEJJLM1  NATION 

BETWEEN 

0°  AND  43°  LAYERS 

..443°  0°  o°  +430.. 

449° 

NO 

..-45°  0°  0°  4450. . 

and 

90° 

YES 

...-45°  0°  +45C... 

....449°  0°  O’] 

NO  (45°) 

and 

+43°  or  90° 

....+45°  0°  0®] 

-** 

-  -  —  _ 

YES  (90°) 

Table  3 


TfflSILE  FAILURE  OF  NOTCHED  0°,  ±45°  CFRPr 
WITH  HQH-WOVHf  OR  NOV®  145°  U.YBBS 


FAILURE  STRESS  MPa 

UY-llP 

N® -WOVEN 

i45° 

WOVEN 

145° 

1 

[o°,  -45°,  -i 

334 

325 

2 

[±45°,  (0°)2]b 

392 

390 

3 

[245°,  °°]a 

267 

288 

*ALL  0°  UYBSa  N<M-WOVHJ 


RESIDUAL 

STRENGTH 

MPa 


RESIDUAL 
STRENGTH 
MPa 
800  r 


600 


BRITTLE  CFRP 


[o°90°0°  -  45°  ], 


Fig  1  The  residual  tensile  and  compressive 
strengths  of  a  (0°,±45°)  CFRP  laminate 
following  impact 


Fig  Z  The  residual  tensile  and  compressive 
strengths  of  a  brittle  CFRP  laminate 
following  impact 


LAY-UP  [-4  5*  *4i9  <f  O*  *4  5*  -4S*] 


LAY-JP  [</  <45*  -45*-4»*  *4  i*  O*  ] 


! SURFACE 

1  FI»»fS  l»» 

*  i — I 

SCALE 


Fig  3  Laser  moire  fringe  pattern  on  a  notched 

(0u,t45°)  CFRP  specimen  under  tension  show¬ 
ing  damage  zones  formed  at  the  notch  f.vps 


Fig  4  Lurta.i!  -cns  uue  to  damage  zones  at 

.iiiarp  notc'ios  and  circular  holes  in 
(U°,J:4b'';  CFRP  laminates  under  tension 


[0°i4S°  0°L  LAY-UP 

TENSILE  ^ 

FAILURE 

STRESS 

MPa 


NOTCH  SEMI -LENGTH  a  mm 


BASIC  STACKING  SEQUENCE  (-4S"*4S°  O*  Cf  *45®  -45*) 


NOTCHED 

FAILURE 

STRESS 

MPa 


Fig  5  Variation  of  tensile  failure  stress  with 
notch  size  and  shape  for  a  (0°,±45°) 

CFRP  laminate 


Fig  6  The  effect  of  layer  thickness  on  the 
failure  stress  of  notched  (0°,±45°) 
CFRP  unde'  tension 


+  45°  LAYER 


O0  LAYER 


FIBRES 


FIBRES 


NOTCH 


t 


NOTCH 


'45° 

CRACKING 


'“'HIGH 

STRESS 


O0  CRACKING 


BROKEN 

Fig  7  Layer  interactions  at  notch  tips  ii.  CFRP  under  tension  showing  the  effect  on  the 
load-bearing  0°  layers  of  45°  shear  cracking 
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'•V  •••■  y-%  '-vm 
•  ■ 


vv 


i  V  •  ■ 


Fig  8  Notched  CFRP  specimens  failed  in  tension  showing  line  of  failure  of  0°  layers 
(a)  at  4b°  for  [0a,±4b°i0°i  lay-up;  (b)  at  *it)°  for  [+4bDl0°2f-45°l  s  lay-up 
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1  ' »  a  a  a  6  * 

IMPACT  ENERGY  JOULES 

Fig  9  Delaminated  areas  due  to  dropweight  impact  detected  by  ultrasonic  C-scanning 
techniques  in  (0° ,90° ,0° ,+45° ,0°1  CFRP 


SCALE 


Fig  10  Scaled  diagram  showing  del  anil  nations  observed  microscopically  in  a  polished 
cross-section  of  impacted  1(0“.,, tdS0^!  CFRI1 


BEFORE  2J 

TESTING  IMPACT 


!  I 
I — 1 


AFTER 

TESTING 

IN 

COMPRESSION 


Fig  11  Delaminated  areas  in  impacted  specimens  of  [(0°2,±4b°)2) l  CFRP  b'  ore  and  after 
testing  in  compression  (dashed  lines  indicate  position  of  antibuckling  guides 
along  specimen  edges) 
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NON -WOVEN  MS* 


WOVEN  MS* 


D  0 

INCIDENT 

ENERGY 


Fig  12  Comparison  of  areas  of  impact  damage  for  woven  and  non-woven  ±45°  layers  in 
t±45oi0O3,±45o,0°2]  CFRP  (all  0°  layers  were  non-woven) 


[±45°  <0°>3  ±45°  IO°)2L  CFRP 

FAILURE  J  *JS 

STRESS 


Fig  13  Comparison  of  the  strengths  for  woven  and  non-woven  ±45°  layers,  of  plain, 
notched  and  damaged  CFRP  with  [±45°,0o,,±45D,0°2]  lay-up  {all  0°  layers 
were  non-woven)  c  5 
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STATIC 

STRENGTH 

MPa 


IMPACT  ENERGY  J 

Fig  14  The  static  tensile  and  compressive 

strengths  of  undamaged  and  impacted  CFRP 
specimens  with  a  [0°,90o,0oli45a,0°J 
lay-up  s 


STRESS 

AMPLITUDE 

MPa 


Fig  15  The  fatigue  performance  of  undamaged  and 
impacted  CFRP  specimens  in  fully  reversed 
cyclic  loading 
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ABSTRACT 


-^Current  results  of  an  ongoing  experimental  program  concerning  the  behaviour  of  impact  damaged  CFRP  spe¬ 
cimens  are  presented.  The  purpose  of  this  ongoing  research  program  is  to  determine  the  characteristics 
resulting  from  localized  low-energy  Impact  damage  and  also  the  behaviour  of  the  damaged  specimens  under 
harmonic  fatigue  loading.  Damage  simulating  a  dropped  medium  weight  (Boo  g]  tool  was  introduced  by  drop 
weights  with  various  geometry  impactors.  Also  circular  defects  were  built  into  specimens  as  idealized 
discontinuities.  The  damage  propagation  under  static  and  fatigue  loading  (R  »  0.1,  R  ■  -1)  was  moni¬ 
tored  using  NDI  methods  consisting  of  US-C-scan,  temperature  measurements  and  acoustic  emission.  The  basic 
parameters  of  this  investigation  included  the  influence  of  stacking  sequence  and  impactor  tip  radius,  as 
well  as  the  degree  of  local  discontinuity  in  the  outer  layers  of  the  specimens.  The  straight  sided  spe¬ 
cimens  with  guasi-isotropic  lay-up  (a/j»5/90)sare  manufactured  from  TOOO/Codu  69.  The  feasibility  of 
simulating  Impact  damages  with  this  fom  of  built-in  Idealized  discontinuities  is  shown. 
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INTRODUCTION 


The  key  to  the  reliable  and  optimum  use  of  composites  is  to  understand  their  stress  and  strength  charac¬ 
teristics  under  static  and  fatigue  loading.  These  characteristics  are  highly  sensitive  to  ply  orientation 
and  stacking  sequence,  as  well  as  the  presence  of  holes  and  impact  damage. 

Low  velocity  Impact  damage  may  occur  during  manufacture,  maintenance,  or  in  service  by  accidentally  dropped 
tool 3,  runway  debris  or  hailstones. 

The  purpose  of  this  ongoing  research  program  is  to  determine  the  characteristics  resulting  from  localized 
low-energy  Impact  damage  and  also  the  behaviour  of  the  damaged  specimens  under  harmonic  fatigue  loading. 

To  obtain  a  better  understanding  of  the  damage  mechanism,  the  impact  damage  was  simplified  as  an  ideal 
discontinuity  and  the  stacking  sequence  of  a  quasi-lsotropic  laminate  varied. 

The  effect  of  nearly  invisible  Impact  damages  and  idealized  discontinuities  were  studied  by  measuring 
strength  and  damage  propagation  of  various  specimens  with  different  stacking  sequences. 


EXPERIMENTAL  PROCEDURE 


All  specimens  were  fabricated  from  T300/Code  69  graph! to/ epoxy  unidirectional  tape  prepregs  from  Fotherhill 
and  Harvey.  The  flat  plates  (300  x  300  mm)  were  cured  in  an  autoclave,  according  to  the  manufacturers  rec¬ 
ommended  cure  cycle. 

The  stacking  sequence  changes  of  quasi-lsotropic  (0/*45/90), laminates  Investigated  are  shown  in  Table  I. 
Other  variations  have  been  Investigated  In  West-Germany  by  71,2,3/. 

To  Introduce  the  Idealized  discontinuities,  the  laminates  were  fabricated  in  the  same  mannor  as  described 
above  with  the  exception  that,  depending  on  the  laminate,  the  two  or  three  outmost  sheets  were  perforated 
(4mm  diameter)  before  fabrication,  see  Table  II. 

All  specimens  were  straight-sided  coupons  25mm  or  wider  and  90mm  in  gage  section.  Specimens  were  endtabbed 
with  crossply  glass/epoxy  tabs. 

To  determine  the  effects  of  Impact,  Idealized  discontinuities,  and  holes  on  the  CFRP  specimens,  static 
and  fatigue  tests  were  performed. 

Static  ter..’e  tests  were  performed  in  a  stroke  cc  .trolled  machine. 

Fatigue  aits  were  performed  on  a  servo-controlled  hydraulic  test  machine  at  constant  amplitude  and  load- 
controlled  sinusoidal  axial  loading  at  a  frequency  of  5  Hz.  Several  specimens  were  tested  under  zero  ten¬ 
sion  (R  «  o.l)  for  each  stacking  sequence  and  damage  type.  Non-damaged  specimens  and  those  with  idealized 
discontinuities  were  also  tested  under  one  of  the  most  severe  loading  conditions,  i.e.  tension-compression 
loading  (R  «  -1).  All  tests  were  performed  at  room  temperature. 

On  account  of  the  multiplicity  of  failure  mechanisms  and  the  corresponding  complexity  of  damage  progres¬ 
sion  in  composite  materials  a  variety  of  analytical  tools  and  experimental  procedures  is  required  for 
characterizing  material  mechanical  properties  and  failure  mechanisms.  Different  NDI  techniques  are  needed 
for  evaluating  the  degree  and  the  type  of  damage  Imparted  to  composite  materials  by  impact  and  static  load¬ 
ing  as  well  as  for  evaluating  the  damage  propagation  under  fatigue  loading. 
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Here  ultrasonic  (US),  r.coustic  emission  (AE),  temperature  measurement,  and  microscopic  investigations  were 
used  to  monitor  damage  progression. 

Our  US-equipment  consists  of  a  Brandson  330B  and  a  selfmade  scanning  mechanism.  One  of  the  .  -laracteri sties 
of  the  device,  which  applies  the  echo  method,  is  that  the  specimen  doesn't  need  to  be  imnersed  in  a  water 
bath.  A  thin  water  film  is  used  as  coupling  medium  hetween  probe  and  specimen  / 4/ .  Thus  it  is  possible  to 
choose  the  “better"  surface  as  scanning  surface  and  avoid  water  infiltration  In  the  broken  parts  of  the 
specimen.  Water  infiltration  would  change  the  registered  delaminated  area,  depending  on  itmiersion  time. 

Some  specimens  were  sectioned  at  selected  locations  with  a  low-speed  diamond  circular  saw.  The  sections 
were  then  polished  for  examination  by  light  microscopy.  These  section  studies  were  useful,  both  for  loca¬ 
ting  the  particular  ply  or  ply  interface  at  which  delamination  occured,  and  to  locate  damages  such  a 
ply  cracking  nut  detected  by  US  inspection. 

In  some  cases  a  scanning  electron  microscope  (SEM)  was  used  to  examine  the  fracture  surface  of  the  speci¬ 
mens. 

Monitoring  acoustic  emission  appears  to  offer  a  practical  procedure  for  detecting  damage  and  damage  growth 
because  it  Is  as  easily  used  in  actual  service  as  in  the  laboratory.  For  some  specimens  tested  here,  acoustic 
emission  were  monitored  using  a  Physical  Acoustic  Corporation  PAC-34QO  system.  The  most  pertinent  opera¬ 
ting  parameters  were:  preamplifier  fixed  gain  of  40dB;  pos tempi it'ier  gain  control  36dB;  transducer  type 
R16;  system  threshold  level  of  1  to  3V,  depending  on  test, 

Heat  generation  due  to  fatigue  damage  of  composites  Is  a  phenomenon  which  has  been  observed  by  other  in¬ 
vestigators  /S,6/.  The  temperature  on  the  specimens  surface  was  measured  with  thermocouples  (Cu-Kon). 

Strain  gage  rosettes  were  placed  on  several  of  the  static  tensile  specimens. 

Damage  Introduction 

Impact  Damage. Parameters  were  chosen  with  the  aim  of  generating  defects  invisible  at  the  front  surface 
of  the  impacted  specimen.  The  plane  plates  were  cut  into  two  pieces,  so  that  they  could  match  in  the 
impact  test  fixture  shown  in  Fig.l.  The  specimen  plates  were  circularly  clamped  (R-lRnri)  between  steel 
plates.  A  cylindrical  weight  (m-298g)  with  exchangeable  steel  tip,  hemispherical  with  5mn  diameter,  and 
blunt  with  D-Smni  diameter,  was  dropped  from  specified  heights  to  achieve  the  desired  damage.  An  accelero¬ 
meter  on  top  of  the  impactor  enabled  the  determination  of  force,  displacement,  and  onergy  consumption,  see 
Table  III.  More  details  pertaining  to  Impact  procedure  and  impact  test  evaluation  are  given  ,ii  / 1 , 3/ . 
Idealized  Discontinuities.  Earlier  experiments  on  low  velocity,  low  energy  impacts  exhibited  the  presence 
of  fiber  breakage  and  delamination  at  the  opposite  surface  of  the  impacted  region.  To  simulate  this,  the 
damage  was  idealized  by  perforating  the  2  or  3  outer  layers  of  the  specimens  before  curing,  as  shown  in 
Fig. 2.  The  hole  diameter  of  the  perforation  was  4mm.  This  diameter  was  chosen  as  a  representative  fiber 
damaged  region  in  an  impact  damaged  specimen  under  the  specified  conditions.  Due  to  this  choice,  the 
specimens  width  did  not  need  to  he  very  largo.  After  the  curing  process  the  periphery  of  the  idealized 
discontinuity  could  be  distinguished  as  a  shadow.  For  comparison  purpose  some  specimens  had  a  central  4mm 
diameter  hole  through  the  thickness. 


EXPERIMENTAL  RESULTS 

Impact  Damages.  Micrographs  and  SEM  pictures  made  from  damaged  specimens  show  interply  crack,  interlaminar 
delamination  and  fiber  breakage  near  the  impact  locus  and  beneath  the  rear  surface  relative  to  Impact  /7, 

U/,  Fig.  3. 

The  Influence  of  the  contacting  tip  shape  of  the  Impactor  on  the  damage  is  demonstrate  in  Fig. 4.  The  US-C- 
scan  pictures  show  that  the  hemispherical  tip  generally  causes  a  larger  damage  than  the  blunt  tip.  Damage 
extension  and  orientation  are  Influenced  by  the  outmost  layers  at  the  rear  surface  of  the  impacted  speci¬ 
mens.  Flaws  in  direction  of  the  outmost  fiber  orientation  could  be  observed  under  the  impact  conditions 
stated  before.  The  damage  caused  by  the  blunt  Impactor  under  the  same  conditions  (m-298g,  v»2.21m/s)  has 
a  more  circumferential  delamination  shape  and  there  is  no  flaw  visible  along  the  outmost  fiber  orientation. 
In  both  cases  there  is  no  visible  damage  at  the  front  surface  of  the  specimen. 

Other  experimental  investigations  /l,3.1o/  showed  an  increase  of  absorbing  energy  with  increasing  momentum 
of  Impactor  until  penetration.  Internal  delamination  reaches  a  maximum  and  thendrops  again  to  a  limit  which 
Is  determined  by  the  Impactor  shape:  the  sharper  the  impactor  tip,  the  more  localized  the  damage  and  the 
more  the  specimen  behaves  as  a  specimen  .  nntalning  a  hole. 

Idealized  Discontinuities.  Micrographs  from  idealized  discontinuities  show  a  perturbed  region  where  the 
outmost  layers  were  perforated,  see  fig. 5.  In  this  region  some  of  the  inner  layers  are  no  longer  flat,  but 
have  a  curved  shape.  As  shown  in  /!!/  the  waviness  of  p 1 1  os  can  reduce  strength  and  Stiffness  of  laminates 
up  to  602. 

Static  lests. 

Static  tensile  test  results  of  undamaged,  impact  damaged,  and  specimens  with  idealized  discontinuities 
show  similar  behaviour.  The  influence  of  stacking  sequence  is  noticeable  In  the  static  tensile  strength 
values.  Specimens  from  laminate  B,  see  Table  I,  reach  the  highest  values,  specimens  from  laminates  A 
and  C  have  almost  the  same  static  strength  values.  Bath  stacking  sequences  snow  del ami.iatlon  at  the  free 
edges  prior  to  catastrophic  failure  .  Similar  results  were  also  found  by  /13,14,15/.  This  phenomenon  can 
be  attributed  to  the  Interlaminar  tensile  stress  C,.  This  interlaminar  peeling  stress  is  present  when  the 
specimens  with  stacking  sequence  A  or  C  are  subjected  to  axial  tensile  loading,  and  can  be  calculated  using 
the  simplified  model  of  Pagano  and  Pipes  / 12 , 13/ . 

The  strain  state  of  the  undisturbed  region  of  the  specimen  is  compared  with  the  strain  state  in  the  layer 
opposite  the  idealized  discontinuity  in  Fig.  6.  This  behaviour  is  also  representative  for  other  specimens 
with  this  same  kind  of  discontinuity  but  different  stacking  sequence.  The  measured  longitudinal  strain 
(EPSL)  and  the  transversal  strain  (EPSQ)  at  the  rear  part  of  the  discontinuity  are  larger  than  in  the 
undisturbed  region.  Similar  behaviour  was  observed  In  the  impact  damaged  specimens  with  the  hemispherical 
tip  Impactor.  Stiffness  degradation  under  static  tensileloading  of  damaged  and  undamaged  specimens  with 
different  stacking  sequences  are  given  in  Tables  I, II  and  III.  The  highest  stiffness  degradation  occurs 
for  specimens  with  a  hole,  followed  by  those  with  idealized  discontinuities  (3A,3B,3C).  The  influence  of 
the  impact  damage  on  the  static  tensile  strength  of  specimens  with  different  stacking  sequences  is  also 
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given  In  Table  III.  Generally  specimens  damaged  with  a  blunt  Impactor  reach  almost  the  same  strength  values 
as  the  undamaged.  All  other  specimens  show  a  static  strength  decrease,  depending  on  damage.  Specimens  with 
shallower  discontinuities  (2A.2B.2C)  were  stronger  than  those  with  deeper  discontinuities  (3A,3B,3C),  in¬ 
dicating  that  laminate  strength  is  sensitive  to  minor  variations  In  the  depth  of  the  discontinuity  as  it 
relates  to  specific  orientations.  The  highest,  decrease  in  strength  could  be  observed  in  specimens  with  a 
hole,  as  anticipated. 

Monitoring  of  acoustic  emission  signals  during  the  static  tensile  loading  showed  that,  after  an  initial 
period  of  small  AE-actlvIty,  there  is  an  onset  of  a  large  Increase  in  the  count  rate,  coinciding  with 
the  occurrence  of  longitudinal  edge  cracking  In  laminate  A  and  C.  In  laminate  B  in  which  longitudinal  edge 
cracks  were  not  observed,  the  acoustic  emission  were  much  smaller.  This  is  similar  to  that  observed  by 
/9.14 /. 


Fatigue  Tests 


Fatigue  test  results  of  specimens  with  impact  damages  and  idealized  discontinuities  are  presented  in  Figs. 

7  through  10.  All  stacking  sequences  show  a  similar  behaviour,  i.e.  a  decrease  in  fatigue  strength  with 
increasing  number  of  cycles.  This  decrease  being  larger  under  tension-compression  loading  than  in  the  case 
of  zero  tensile  -loading. 

A  comparison  of  the  non-damaged  specimens  under  zero  tension  show  that  the  laminate  B  has  the  highest  fa¬ 
tigue  strength.  This  can  be  attributed  to  the  fact  that  specimens  with  lay-ups  A  and  C  show  an  edge  dela- 
minatlon,  because  tire  loading  stress  level  is  high  enough  to  induce  this  kind  of  failure.  With  growing 
edge  delamination  the  debonded  area  will  increase  towards  the  middle  of  the  specimen  and  the  test  is  reduced 
to  a  tensile  test  of  2  nonsymmetrlc  specimens  clamped  together  at  the  grips.  Due  to  the  resulting  non- 
symmetric  built-up  of  the'  specimen,  twisting  and  bending  could  occur  as  stated  in  /17/  and  leads  to  a  lower 
tensile  fatigue  strength. 

Specimens  with  stacking  sequence  U  also  show  a  free  edge  delamination  after  tensile  fatigue  loading. although 
Si  is  a  compressive  stress.  The  delaniin  it ion  enlargement  is  much  smaller  than  in  the  case  of  the  A  and  C 
laminates.  The  US-C-scan  pictures  in  Fiq.U  show  the  difference  in  the  damage  development  between  laminate 
A  and  B.  Although  tire  stress  level  and  the  number  of  cycles  are  smaller  in  case  of  laminate  A,  the  delami¬ 
nated  area  at  the  edges  is  larger  than  in  the  case  of  laminate  B.  The  development  of  the  delamination  in 
the  impact  damaged  region  Is  almost  the  same  in  bath  cases  and  is  a  very  small  enlargement  compared  to  the 
Initial  delamination  area  before  loading.  This  behaviour  could  be  observed  in  specimens  with  idealized  dis¬ 
continuities,  too,  as  long  as  their  fatigue  loading  condition  was  zero  tension.  Depending  on  the  stacking 
sequence  of  the  laminates,  the  delamination  in  the  damaged  region  can  take  place  at  different  locations: 
between  the  90  layers  in  case  of  laminate  A,  or  in  the  interface  between  the  90  and  -45  layers  in  laminate 
U,  or  between  0  and  -45  layers  in  laminate  C,  as  shown  in  Fig. 5  (right  hand  side). 

In  some  experimental  works  / 3 , b/  Interrelation  c(  temperature  rise  and  stiffness  degradation  could  be  ob¬ 
served.  Heat  generation  is  the  consequence  and  «  ontributing  factor  to  fatigue  damage.  Delamination  and 
cracking  results  in  a  significant  local  internal  friction  which  generates  heat.  The  heat  in  turn  rises  the 
temperature  of  the  structure  and  reduces  its  resistance  to  fatigue.  Because  of  this,  the  temperature  was 
continuously  monitored  on  the  surface  of  different  zero  tension  fatigue  loaded  specimens.  For  damaged  spec¬ 
imens  a  pronounced  temperature  rise  In  the  first  103  cycles  was  observed  as  shown  in  Fig. 12.  After  this  pe¬ 
riod  the  temperature  either  Stabilized  until  the  onset  of  failure  or  continued  to  climb  until  catastrophic 
failure  occurred.  If  the  test  was  stopped  the  specimen  cooled  to  ambient  temperature.  Upon  restart  the  tem¬ 
perature  rlsed  quickly  to  the  high  temperature  attained  before.  Indicating  the  irreversibility  of  the  dama¬ 
ge.  For  reversible  damage  temperature  after  test  restart  would  rise  more  slowly,  similar  to  the  untested 
■  pec  1  men.  Many  fatigue  specimens  exhibited  a  temperature  rise  Just  prior  to  fracture,  even  though  the  tam- 
I  rature  had  previously  leveled  off.  This  observation  is  consistent  with  a  more  rapid  accumulation  of  da¬ 
mage  in  the  last  stages  uf  fatigue.  This  behaviour  can  he  explained  with  the  sudden  death  model  /16/.  Some 
other  specimens  showed  a  continuous  increase  in  temperature  until  catastrophic  failure,  fitting  better  to 
the  degradation  model.  The  small  temperature  difference  observed  between  the  undamaged  specimens  with  stack¬ 
ing  sequences  A  and  B  is  due  to  the  pronounced  free  edge  delamination  in  laminate  A.  Similar  behaviour  was 
observed  with  specimens  of  laminate  C.  Rise  in  temperature  prior  to  catastrophic  failure  was  not  so  pro¬ 
nounced  In  laminate  B  as  In  the  case  of  the  other  two  laminates. 

As  anticipated.  At  monitoring  during  tensile  fatigue  loading  showed  a  different  behaviour  depending  more 
on  stacking  sequence,  than  on  damage  type.  Laminate  A  and  C  showed  very  high  At  activity  dua  to  edge  de- 
lamination  development.  A  comparison  of  At  activity  with  corresponding  load  showed  that  the  activity  was 
not  always  at  the  highest  fatigue  load,  periodical  emissions  were  found  at  intermediate  loads.  From  this 
behaviour  it  can  be  assumed,  that  the  damage  propagation  is  probably  the  result  of  the  agglomeration  of 
many  small  sites  to  form  a  dominant  damage  which  propagates  more  rapidly.  The  same  phenomenon  as  with  the 
temperature  was  observed:  there  were  cases  in  which  the  AE  activity  Increased  sharply  before  catastrophic 
failure  ami  other  cases  where  there  was  no  pronounced  Increase  in  emission  rate  before  failure.  Specimens 
with  stacking  sequence  U  showed  less  activity  at  the  beginning  of  fatigue  life  but  increased  with  higher 
load  cycles.  With  the  At-equlpment  used,  planar  location  of  the  dai.wge  was  not  possible. 

The  residual  strength  data  although  scant,  allows  It  to  be  noted  that  residual  strength  mostly  exceeds  the 
fatigue  curve  (M).l),  often  reaches  the  static  strength  values,  and  sometimes  goes  beyond  it,  as  published 
elsewhere  !V . 

Specimens  with  idealized  discontinuities  under  tension-compression  loading  showed  a  different  damage  devel¬ 
opment  than  those  tested  under  zero  tensile  loading.  Due  to  the  compression  loading  and  the  stability  con¬ 
ditions  associated  with  this  phenomenon  the  demage  progression  In  the  region  of  the  '  leal i zed  discontinuity 
was  much  more  accentuated  718,19/.  Fig. 13  shows  the  delamination  development  observed  in  the  US-C-scan  pic¬ 
tures.  The  influence  of  the  stacking  sequence  on  the  delamination  development  is  noticeable.  In  laminate  A 
the  damage  increases  in  tb  direction  of  the  0  deg  layer,  a  phenomenon  which  is  currently  observed  in  spe¬ 
cimens  with  a  hole  through  the  thickness  and  0  deg  outer  layer.  Specimens  with  stacking  sequence  B  do  not 
show  large  Increase  of  delaminated  area.  In  case  of  laminate  C,  the  edge  delamination  is  linked  with  the 
delamination  departing  from  the  idealized  discontinuity. 


A  comparison  of  the  delaminated  area  development  under  tension-compression  and  zero  tensile  fatigue  load- 
ding  for  laminate  A  with  Idealized  discontinuity  as  well  as  in  specimens  damaged  with  a  spherical  impac- 
tor  Is  presented  In  Fig. 14.  Here,  only  the  delaminated  area  in  the  damaged  region  and  not  that  at  the 
free  edges  was  taken  into  account.  Delamination  development  in  specimens  with  deeper  Idealized  disconti¬ 
nuities  (3A)  show  the  same  behaviour  as  specimens  damaged  with  a  spherical  impactor.  Specimens  with  shal¬ 
lower  Idealized  discontinuities  (2A)  show  a  smaller  increase  in  delamination  area  at  the  same  load  level. 

As  matter  of  fact,  the  delamination  growth  of  impact  damaged  specimens  under  tensile  fetigue  loading  ap¬ 
pears  to  be  reproducible  with  idealized  discontinuities,  opening  the  possibility  to  treat  the  influence 
of  Impact  damages  analytically. 

The  steep  increase  of  delaminated  area  under  tension-compression,  loading  for  the  idealized  damage  is  also 
characteristic  for  Impact  damaged  specimens  / 3/.  Under  compression  loading,  delamination  growth  and  con¬ 
current  bulging  of  the  thinner  delaminated  region  occurs  as  hypothesized  by  the  model  of  Konishi  and 
Johnston  /2o/. 

Although  no  effort  was  put  into  relating  residual  strength  to  delamination  extent  during  this  study,  the 
process  appears  feasible. 


CONCLUSIONS 


CFRP  composites  are  susceptible  to  low  energy,  low  velocity  impact.  The  damage  Introduced  in  the  lami¬ 
nates  Is  dependent  on  the  contacting  shape  of  the  Impactor.  Blunt  Impactors  caused  less  damage  than  he¬ 
mispherical  tip  Impactors  under  the  investigated  conditions. 

The  predominant  method  In  which  damage  grew  In  two  of  the  Investigated  laminates  ,(0/t45/90)  and 
(±4B/0/90) s , was  the  propagation  of  the  delamlnation  from  the  specimen  free  edges  toward  the  Impact 
damaged  area.  The  ( 0/90/±45 )s  laminate  did  not  exhibit  this  extensive  free  edge  delamlnation  and 
therefore  had  the  highest  strength  values  under  the  specified  loading  conditions. 

Delamlnation  growth  from  the  Impact  damaged  area  was  small  under  tensile  fatigue  loading. 

Due  to  the  stability  conditions  associated  with  tension-compression  fatigue  loading,  the  damage  develop¬ 
ment  Is  the  most  severe  In  this  case. 

The  delamlnation  development  In  the  Impact  damaged  specimens  was  reproducible  with  idealized  disconti¬ 
nuities. 

Continuous  temperature  measurement  was  seen  to  be  an  adequate  method  for  detecting  damage  progression. 
The  Interrelation  of  temperature  rise  and  stiffness  degradation  will  be  pursued  In  the  near  future. 

Acoustic  emission  techniques  need  further  development.  Classification  criteria  for  acoustic  events 
alonq  with  source  location  methods  will  be  neccessary. 

Further  research  work  Is  forseen  taking  into  account  the  details  of  the  local  damage  propagation. 
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TABLE  I 


laminate 

stacking  seq. 

tensile  strength 
N/mmz 

stiffness  ratio^ 

net  strength 

4  mm  hole 

stiffness  ratio^ 

A 

(0/+45/90)s 

472 

0.98 

260 

0.68 

B 

( 0/90/+45 ) s 

560 

0.99 

370 

0.59 

C 

( +45/0/90 ) s 

460 

0.92 

360 

0.57 

tj  stiff,  before  catastrophic  failure  to  stiffness  at  the  beginning  of  loading 
§§  measured  at  the  hole  boundary 


TABLE  II 


laminate 

stacking  seq. 

perforated 

layers 

tensile  strength 
N/mnr 

stiffness  ratio 

2A 

(0/+45/90)s 

0.  +45 

390 

0.89 

3A 

(0/t45/90)s 

0.  +45 

360 

0.80 

28 

(0/90/+4b)s 

0,  90 

450 

0.88 

SB 

(0/90/+45)s 

0,  90,  +45 

440 

0.87 

2C 

(+45/0/90) 

+45 

450 

0.86 

3C 

(+45/0/90),. 

+45,  0 

360 

0.77 

TABLt  III 


laminate 

tip  geom. 
5mm  diam. 

mass 

g 

abs. energy 

3 

•int,  del  ami  nation 
mmz 

tensile  strength 
N/nwz 

stiffness  ratio 

A 

hetnisp. 

298 

0.428 

184 

410 

A 

blunt 

298 

0.15 

123 

450 

0.95 

B 

hemlsp. 

298 

0.378 

210 

410 

B 

blunt 

298 

0.127 

173 

530 

C 

hemisp. 

298 

0.37 

196 

420 

C 

blunt 

U.087 

157 

450 

0.92 

Impact  velocity  v=2.21  m/s 


rig.  1-Drop  weight  apparatus 


Hg. 2-Sketch  showing  Idealized  discontinuities 


F1g.4-C-scan  pictures  from  da¬ 
maged  specimens  with  different 
impactor-tlps. 
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Fig.6-Tens11e  load-strain  behaviour  for  specimen 
with  idealized  discontinuity. 


INFLUENCE  DE  DEFAUTS  DE  FABRICATION  SUR  LE 
COMPORTEMENT  STATIQUE  ET  DYNAHIQUE 
DES  STRUCTURES  EN  COMPOSITE  CARBONE-RESINE 


J.  Cuny  et  G.  Brlens 
AEROSPATIALE 
Laboratoire  Central 
12,  rue  Pasteur  -  92152  Suresnes 

AprAs  avoir  examini  les  types  de  dAfauts  apparalssant  en  fabrication, 
alnsl  que  les  raoyens  adaptAs  I  leur  detection  ,  nous  Atudlerons  l'ln- 
fluence  des  defectuos i tAs  affectant  unlquement  la  rAsIne  ou  l'lnterface 
fibre-rAsIne. 

Les  matArlaux  J  couches  uni dl rectlonnel les  ou crols Aes  seront  solllcItAs 
J  l'Atat  Initial  ou apris  vl el  1 1 1 ssements  dl vers ,  1  ors  d  '  essals  statiques 
ou  dynamlques  conduits  I  dlffArentes  temperatures . 


1  -  INTRODUCTION 

Dans  l'lndustrle  aeronaut! que ,  les  structures  mAtalllques  secondalres,  voire  prlmalres, 
sont  remplacAes  de  plus  en  plus  par  des  structures  en  matArlaux  composites  carbone-rAsI ne 
mul tl couches  qul  ,  outre  le  gain  de  masse  appreciable  (10  1  MO  f  selon  les  cas),  un  prix 
de  revlent  parfois  attractlf,  peuvent  entralner  un  mellleur  comportement  en  fatigue,  et 
des  frats  de  maintenance  rAdults  en  exploitation. 

Les  pieces  en  composites  sont  obtenues  A  la  forme  definitive  par  moulage  d'un  empilement 
de  couches  croisAes  de  prAlmprAgnA  fibre-rAsIne,  dont  les  directions  sont  orlentAes  en 
fonction  de  la  resistance  et  de  la  rigldltA  A  obtenlr.  Cette  elaboration  pose  un  certain 
nombre  de  problAmes  car,  A  la  difference  des  pieces  mAtalllques,  la  conformltA  de  la 
structure  avec  le  plan  ne  constitue  plus  la  preoccupation  majeure  du  contrAleur.  Le  matA- 
Hau  composite  s'Alaborant  en  mAmu  temps  que  la  plAce,  11  faut  en  plus  s'assurer  de  la 
santA  du  prodult. 

La  fabrication  de  pieces  en  matArlaux  composites  exlge  le  respect  de  rAgles  strlctes 
telles  que  : 

-  utilisation  de  matArlau,  le  plus  souvent  nappes  ou  tlssus  A  l'Atat  prAlmprAgnA,  ayant 
satisfait  les  crltAres  de  reception  matlAre  contractuels  entre  fabrlcant  et  utilise- 
teur , 

-  respect  des  gamines  de  fabrication  : 

.  conditions  de  stockage,  destockage  des  produits  souvent  entreposAs  A  -  1B”C  et 
qu'11  faut  tAchauffer  A  temperature  ambiante  avant  utilisation  en  evltant  la  prise 
d ' humj  dl tA , 

.  dAcoupe  mAthodique  des  couches, 

.  orientation  precise  des  couches  en  fonction  des  plans  de  drapage  et  compactage  des 
P 1 1  s  . 

.  cycle  de  polymerisation  (presslon,  Vitesse  de  montAe  en  temperature  on  velllant  au 
niveau  et  A  1 ' homogAnAI tA  de  celle-cl  sur  1 ‘ensemble  de  la  plAce). 

MalgrA  les  precautions  prises,  les  structures  peuvent  presenter  des  dAfauts  bien  souvent 
alAatolres  d'une  plAce  A  l'autre,  ce  dont  il  faut  tenir  compte  avant  d'acceptnr  le  mon¬ 
tage  sur  apparel  1  . 

AprAs  avoir  abordA  rapidement  les  prlncipaux  dAfauts  rencontrAs  en  fabrication,  alnsl  que 
les  moyens  de  contrflle  non  destructit  appropries  A  leur  detection,  nous  nous  pencherons 
plus  particul lArement  sur  l'influence  do  ces  dAfauts  envers  les  caractArl stlques  mAcanl- 
ques  statiques  et  dynamlques  du  matArlau. 

L'exposA  sera  limltA  aux  structures  fabriquAUj  A  partlr  de  nappes  carbone  haute  resistance 
imprAgnAes  de  rAsIne  Apoxydique  (type  TGMDA  +  DD3)  polymArlsAes  dans  les  tolA-ancex  admls- 
sibles  da  la  gamme  de  fabrication.  Les  JAfauts  AtudlAs  seront  parti cul 1 Arement  ceux  affec¬ 
tant  la  rislne  du  composite. 

2  -  PRINCIPAUX  TYPES  DE  DEFAUTS  RENCONTRES  EN  FABRICATION 
2.1  -  Porosi tAs 

On  entend  par  "porosItAs",  des  cavltAs  gAnAralement  de  faibles  dimensions,  rAparties  d 'une 
fagon  uniforme  ou  presque  dans  touto  I'Apalsseur  du  stratlflA,  entrainant  une  hAtArogA- 
nAitA  de  la  matrtce  (figures  1  et  2). 

Ce  type  de  dAfaut  peut  avoir  des  orlgines  diverses  que  1'on  peut  regrouper  selon  trols 
causes  princlpales  :  , 

-  technique  d 1 ImprAgnation  des  fibres, 

-  humidltA  excessive  lors  des  opArations  de  drapage, 

-  prupriAtAs  rhAologlques  de  certalnes  rAsInes  lprs  du  cycle  de  polymAri sa tl on . 

L1 ImprAgnation  des  fibres  en  phase  solvent  (rAsIne  rendue  fiuide  par  dissolution  dans  un 
solvent)  entralne  plus  de  porositAs  que  celle  en  phase  hotmelt  (ImprAgnation  4  chaud  par 
transfert  de  rAsIne) . 

En  effet,  les  produits  volatile  rAsIduels  emprlsonnAs  dans  les  couches  compactAes  de  prA- 
ImpregnC  se  transforment  en  gai  lors  de  la  montAe  en  tempArature  pendant  la  polymArlsatlon , 
ce  qui  cree  plusoumolns  de  poros  1  tAs  en  fonction  de  1  a  mal  trl  se  du  cycle  de  cuisson. 


Le  ineme  phenomena  se  produit  si  le  prei mpregne  a  absorb®  de  l'humidite  Tors  des  opera¬ 
tions  de  drapage  : 

-  condensation  d'eau  si  le  materiau,  sorti  froid  du  congeiateur,  n'a  pas  ete  inaintenu 
dans  son  emballage  etanche  pour  ravenir  a  temperature  ambiante  avant  utilisation, 

-  absorption  d'eau  si  le  preimprdgne  a  ete  laisse  trop  longtemps  en  ambiance  humide 
dans  1'atelier  de  fabrication  avant  et  pendant  les  operations  de  drapage. 


FIGURE  1  -  Repartition  des  porosltes  entre  FIGURE  2  -  Forme  de  porositfis  sur  une  couche 
couches  -  Vue  en  bout  -  aprTs- d4 1  ami nagr  du  matfriau  -  Vue  da  dassus  - 

En  dehors  du  cas  de  certaines  resines  visgueuses  admettant  une  pression  des  le  debut  du 
cycle  de  polymerisation  les  formulations  passant  par  une  phase  llquide  lors  de  la  montee 
en  temperature  exigent  l'application  de  la  pression  pendant  la  phase  de  geiification.  Or 
le  principal  probieme  avec  ces  derniers  systemes  est  que  la  moindre  fuite  de  bordurage, 
ou  un  pompage  excessif  de  la  resine,  peut  provoquer  une  migration  importante  do  celle-ci 
S  I'exterieur  du  materiau.  La  pression  n'est  plus  alors  efficace  sur  la  resine,  car  les 
fibres  se  trouvent  au  contact  entre  les  plis  successlfs. 

Les  porosltes  observees  avec  les  formulations  J  application  de  pression  retardee  sont dQes 

-  soit  i  un  flot  trop  Important  de  resine, 

-  salt  d  une  application  de  pression  trop  tardive  qui  ne  peut  plus  assurer  le  compactage 
correct  des  plis  trop  gellfies  (cas  d'outillages  i  fort  gradient  thermique,  dans  les 
zones  chaudes) 


Par  opposition  aux  porosltes  qui  donnent  une 
idee  de  repartition  homogftne  de  defauts  de 
tres  petites  dimensions,  le  manque  de  cohesion 
Intercouches  que  l'on  deslgne  bien  souvent  par 
le  terme  "del  ami nage"  donne  plutfit  une  Idee  de 
defauts  plus  importants  localises  i  quelques 
endrolts  bien  precis. 

Ces  defauts,  souvent  sftues  dans  une  ou  deux 
Intercouches,  peuvent  attelndre  pi  us  1 eurs  cen¬ 
timetres  carres  (echelle  macroscopi que) •  Ils 
sont  generalement  dOs  a  la  complexite  des 
pieces  realisees  (structures  autoraidies, 
profils  tourmentes)  associees  3  leur  techno¬ 
logic  de  fabrication  (figure  3). 


FIGURE  3  -  Delaminage  dans  un  rayon 


Les  difflcultes  proviennent  de  trois  facteurs,  essentiel lement  : 

-  utilisation  de  pretmpregne  i  faible  taux  d ' 1mpr§gna 1 1  on  (proche  du  taux  final  J  obte- 
nlr  dans  le  composite)  n'exigeant  plus  la  technique  d'evacuatlon  de  resine  exceden- 
taire  Imposee  par  les  preimpregnes  S  taux  d ' impregnati on  plus  eleve, 

-  utilisation  des  proprietes  thermo-expansibles  des  silicones  pour  la  mise  en  pression 
des  plis,  en  rempl acement  de  la  technique  autoclave  qui  assure  une  pression  pneuma- 
tlque  plus  homogene, 

-  suppression  dans  certains  cas  de  phase  "mise  sous  vide"  au  cpurs  du  cycle  d*  polyme¬ 
risation. 


On  pent  attrlbuer  1 'origins  des  manques  de  cohesion  Intercouches  3  deux  causes  principals  : 

-  AtancheitA  trop  importsnte  des  prAImpregnAs ,  dOe  3  une  pAgosItA  excessive.  SI  des  po- 
ches  d'alr  sont  emmagasl n6es  entre  couches,  le  debullage  peut  devenlr  Impossible  mal- 
gre  une  phase  Iraportante  de  raise  sous  vide, 

-  manque  de  presslon  locale  le  plus  souvent  dans  des  zones  dlfflclles  d'accAs  (rayons  de 
profiles).  La  dilatation  thermlque  des  outlllages  silicone  peut  crAer  des  arc-boute- 
ments  avant  raise  en  presslon  theorlque,  ou  le  temps  de  gel  de  la  resine  peut  Stre  dA- 
passA  avant  application  de  la  presslon  effective  ne  prrmettant  plus  l'accost3ge  des 

pi  1  s . 

2.3  -  Inclusions  de  corps  Atranqers 

La  realisation  de  pieces  en  materlaux  composites  qui  ,  en  dehors  de  1 ' enroulement  fllamen- 
taire,  est  essentlel lament  manuelle  encore  aujourd'hul,  deraande  une  mal n- d 1  oeuvre  trAs 
quallfibe.  Les  risques  d'lncluslon  de  corps  Atrangers  sont  minimises  en  prenant  un  maxi¬ 
mum  de  precautions  dans  les  salles  de  drapage  ;  le  principal  problCme  reste  celul  des  s6- 
parateurs  protegeant  le  prAImprAgne  avant  emplol. 

Avec  les  prAImpregnSs  les  plus  usuels,  on  trouvo  deux  types  de  separateurs  :  solt  du  pa¬ 
pier  enduit  d'un  agent  demoulant  (silicone,  ...)  soit  du  film  plastlque  (polyethylene, 
terphane,  . . . ) . 

Mis  3  part  1'oubll  de  retrait  d'un  separateur  lors  des  operations  de  drapage  (cas  rarement 
rencontre) ,un  problfime  sournols  se  pose  avec  les  films  plastiques.  En  effet,  des  morceaux 
gAnAralement  de  petite  tallle  lalsses  par  Inadvertance  sur  le  lieu  de  drapage  peuvent  ve- 
nir,  par  electriclte  statlque,  se  coller  sur  la  face  cachee  de  la  dAcoupe  que  l'on  trans¬ 
fers  sur  1  'outl 1 lage. 

Actuel lement ,  aucun  contrflle  des  oublls  de  separateurs  n'est  possible  avant  polymerisation 
si  ce  n'est  la  reconstitution  raethodique  des  differentes  couches  drapees. 


2.4  -  Uefauts  de  collage 

Suivant  les  types  de  structures,  plusleurs  cas  de  collage  sont  J  envisager  : 

-  composite-composite, 

-  composite-metal  ( tl tane-a 1 1 1  age  lAger), 

-  coinposl  te-nl  d-d '  abel  1  le. 

O'autre  part,  1 'assemblage  peut  se  falre  solt  sur  materlaux  d4jJ  polymerises,  solt  sur  pro- 
dults  a  l'etat  preimpregne.  Dans  ce  dernier  cas,  le  collage  et  la  culsson  du  composite  se 
fait  au  cours  du  roArae  cycle  de  polymerisation. 

On  entend  par  defaut  de  collage,  les  anomalies  pouvant  se  sltuer  au  niveau  de  l'adheslf  et 
qui  se  t.radulsent  le  plus  souvent  par  un  manque  de  cohesion  ou  d'adheslon  de  la  colle  sur 
les  surfaces  a  assembler. 

les  collages  des  materlaux  composites  a  l'etat  preimpregne  sont  souvent  realises  avec  des 
cycles  de  polymerisation  constltuant  des  compromls  entre  1' "optimal  adheslf"  et  1' "optimal 
compos  1 te" . 

Les  manques  d'adherence  rencontres  ont  blen  souvent  les  mtmes  orlglnes  que  les  manques  de 
cohesion  Intercouches  des  composites  : 

-  etanchdlte  des  prelmpregnds  ne  permettant  pas  1 'evacuation  de  l'alr  ummagaslne  au  ni¬ 
veau  du  film  de  col le, 

-  manque  de  presslon  locale  provoquA  par  un  outlllage  mal  adaptA  ou  un  preimpregne  tra- 
valllant  en  membrane  et  ne  transmettant  pas  la  presslon  sur  le  film  de  colle, 

-  oubli  de  separateurs. 

3  -  GENERALITES  SUR  LES  CONTROLES  WON  PESTRUCT1FS 

Les  methodes  utillsables  venant  en  premier  lieu  3  1 'esprit  sont  des  mAthodes  globales  per¬ 
mettant  en  une  seule  operation  d'obtenlr  une  vue  d'ensemble  de  tout  ou  partle  de  la  sante 
de  la  piece. 

Ces  mAthodes  telles  que  holographie,  thermographie ,  rayons  X  devlennent  toutefols  assez 
rapldement  limltAes  sur  structures  compos  1 tes-rfs 1 ne  surtout  au  point  de  vue  type  et  tallle 
des  dommages  recherchAs. 

Le  maximum  d1 informations  sur  la  qualltd  de  la  piece  est  obtenu  par  les  methodes  ultra-so- 
nores ,  qui  en  centre  partle  sont  lentes  de  mise  en  oeuvre  car  basecs  sur  1'analyse  ponc- 
tuelle  du  matArlau. 

SI  les  ultrasons,  dans  les  frequences  envIsagAes  (1  3  15  MHz)  se  transmettent  trAs  blen 
dans  les  liquldes  ou  les  solldes,  11s  ne  se  transmottent  que  dl ff 1  cl  1 ement  dans  les  mi¬ 
lieux  gazeux  ;  d'autre  part,  le  changament  da  milieu  crAe  des  reflexions  partlelles  ou 
totales  aux  Interfaces.  Ce  sont  ces  proprlAtAs  que  l'on  utilise  dans  les  mAthodes  de  con- 
trOle  non  destructlf  par  ultrasons,  ces  derniAres  exigent  un  ml  1 1 ou  transmetteur ,  le  plus 
souvent  I'eau,  entre  1'Ametteur  et  la  piece.  On  distingue  alors  : 

-  la  mAthode  par  Immersion  :  la  piece  est  entlirement  IramergAe  dans  un  milieu  aqueux, 

-  la  mAthode  par  semi -Immersl on  :  les  ultrasons  sont  transmis  de  l'emetteur  3  la  piece 
par  un  jet  d'eau, 

-  la  mAthode  par  contact  :  rAservAe  aux  operations  de  contrble  manuel,  1'Ametteur  est 
mis  en  contact  avec  la  piece  par  1 ' IntermCdialre  d'un  llqulde  de  couplage. 
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La  ddtectlon  d'un  ddfaut  peut  se  fairs  par  “transmission  (analyse  de  la  diminution  d'arn- 
plitude  du  falsceau  transmls  3  travers  le  matdrlau)  ou  par  "rdflexlon"  (analyse  des  dchos 
rdfldchis  par  les  hdtdrogdndltds  du  matdrlau. 

Lid  au  ddplacement  des  capteurs  de  mesure,  un  systdme  d 'enreglstrement  par  brOlage  de  pa¬ 
pier  plus  ou  moins  important  (du  blanc  ou  nolr)  obtenu  en  fonction  de  1 'amplitude  du  si¬ 
gnal  recuellli,  donne  una  cartography  de  l'ensemble  de  l'dldment  contrflld. 

‘  _ESC_5C3DS5?i55i9D 

La  transmission  peut  dtre  simple  dans  le  cat  de  la  mdthode  en  semi-immersion  avec  un  dmet- 
teur  ultrasonore  d'un  c6td  de  la  pldce,  un  rdcepteur  de  1 'autre  cfttd. 

La  transmission  peut  dtre  double  dans  le  cas  de  la  mdthode  par  Immersion  oO  l'on  dispose 
d'un  apparell  unique  dmetteur-rdcepteur.  Le  falsceau  d’ultrasons  dmis  traverse  le  matdrlau 
puls  se  rdflechit  sur  un  rdflecteur  (plaque  de  verre)  afln  d'effectuer  un  deuxldme  passage 
dans  la  zone  3  contrdler,  avant  d'dtre  captd  par  le  rdcepteur  : 

On  mesure  alnsl  : 

-  1'attdnuatlon  d&e  aux  rdflexlons  sur  las  Interfaces, 

-  1 'absorption  Intrlnsdque  du  composite, 

-  l'absorptlnn  dOe  aux  ddfauts  dventuels. 

Les  contrSles  par  transmission  ne  sont  possibles  que  si  l'dldment  3  contrdler  est  accessi¬ 
ble  des  deux  c&tds. 

■  !)§5t!2^-E5!;.rdf  lexlon 

Cette  mdthade  permet  d'analyser  la  position  des  ddfauts  sltuds  dans  l'dpalsseur  du  matd- 
rlau.  Elle  est  surtout  employde  comme  complement  de  la  mdthede  par  “transmission'1.  N'exl- 
geant  1  'accesslbl 1 1 td  de  la  pldce  que  d'un  seul  cfltd,  c'est  un  moyen  de  contrflle  adaptd 
au  sulvl  de  la  qualltd  du  matdrlau  montd  sur  apparell. 


4  -  INFLUENCE  OU  TAUX  OE  POROSITES 

En  partant  de  l'hypothdse  que  les  porosttds  se  trouvent  uni formdment  rdpartles  sur  tous 
les  Interplls  du  matdrlau,  un  calcul  statlstlque  permet  de  tradulre  cus  absorptions  ultra- 
sonores  en  pourcentage  de  porositd  surfacique  par  pH  par  rapport  3  la  surface  totale  du 
falsceau  ultrasonore. 


La  courbe  suivante  donne  3  litre  d’exemple,  pour  un  matdrlau  carbone-rds 1 ne  constltud  de 
nappes  uni dl recti onne 1 1  as ,  la  corrdlation  absorptlon-taux  de  porosltds  surfaclques  en 
fonction  des  dlffdrentes  dpa 1 sseurs  du  compos  1 te . 


Afln  de  se  rapprocher  de  la 
conception  rdelle  des  struc¬ 
tures,  les  essals  mdcanlques 
cltds  dans  ce  rapport  porte- 
ront  le  plus  souvent  sur  des 
dprouvettes  3  couches  crol- 
sdes,  fabrlqudes  3  partlr  de 
nappes  T300,  NARMCO  5208. 


4.1-  Influence  sur  le  clsalllement  In  ter  1  a  nil  nai  re 


Deux  taux  de  fibres  51  X  ot  62  X  en  volume, 
ont  dtd  dtudlds  avec  ou  sans  purosltds. 

Les  essals  conduits  d  trols  tempdratures 
••  55°C  ,  20*C ,  120  *  C  sur  matdrlau  3  1'dtat 
Initial  ou  aprds  vl el  1 1 1 sseraent  humlde 
750  h  3  70“C,  100  X  HR  font  ressortir  les 
conclusions  suivantes  :  (Figure  4) 

.  1 'Influence  des  porosltds  est  plus  Impor- 
tante  sur  matdrlau  possddant  un  taux  volumi- 
que  de  fibre  dlevd  (7  X  de  porositd  pour 
Vf  «  62  X  donnent  autant  de  chute  en  clsall¬ 
lement  Interlamlnaire  que  10  X  pourVf»51X) 


1 'Influence  des  porosltds  n'ast  pas  plus  marqude  3  -  55*C,  qu’3  20“C  ou  120*C  (on  ob- 
tlent  une  chute  d'envlron  50  X  de  performances  aux  3  temptratures  lorsque  l'on  attelnt 
7  4  10  X  de  porositd  selon  le  taux  volumlque  de  fibre). 


la  prdsonce  de  porosltds  n'amplifle  pas  la  degradation  du  matdrlau  en  viel 1 1 1 ssement  hu¬ 
mlde  ;  on  constate  d'allleurs  que  1'effet  “pi astl f lant"  de  l'eau  sur  la  rdslne  est  plus 
Important  sur  matdrlau  sain  que  sur  matdrlau  de  mauvalse  qualltd  lors  des  essals  de  cl- 
salllemant  Interlamlnaire  3  120*C. 


4.2  Influence  sur  le  coroportement  en  traction 

Les  dprouvettes  ont  dtd  fabrlqudes  avec  deux  taux  volumlques  de  fibres,  51  X  et  62  X,  et 
ce  avec  ou  sans  porosltds. 
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Afln  de  nous  degager  du  parametre  epaisseur 
des  eprouvettes  constituSes  d'un  nombre  1- 
dentlque  de  pits,  nous  avons  exprime  les  re- 
sultats  rndcaniques  en  flux  (charge  supportde 
par  unj  td  de  1 argeur) , 

Un  taux  de  poroslte  comprls  entre  7  et  10  X 
fait  chuter  le  comportement  en  traction  a 
20'C  sur  materlau  &  couches  crolsSes  de 
1 ' ordre  de  15  X . 


\ 


f' 


4.3  -  Influence  sur  le  comportement  en  compression 

Avec  les  memes  matdrlaux  que  ceux  utilises  pour  la  traction,  on  constate  que  les  essals 
de  compression  conduits  l  120”C,  entralnent  une  chute  d'envlron  : 


-  15  X  pour  7  it  de  poroslte, 

-  20  5!  pour  10  51  de  porosite, 

On  observe  qu'aprds  vl e 1 1 1 1 ssemen t  humlde 
750  h  a  70‘C,  100  *  HR  : 

-  la  poroslte  ne  modlfle  pas  le  comporte- 
ment  du  matdriau  par  rapport  a  ses  per¬ 
formances  a  1 'dtat  Initial, 

-  sur  falble  taux  volumlque  de  fibre  (51  X; 
I'humldltd  fait  ldqdrenient  chuter  les 
performances  a  120”C,alors  que  son  effet 
est  plutOt  bfinfiflque  sur  taux  de  fibre 
plus  01  eve  ( 62  %)  et  ce  ,  sans  ou  avec 
porosl tes . 


4.4  -  Influence  sur  le  comportement  des  fixations  iiifecanlques 
Les  eprouvettes  ont  6td  solllcltdes  a  B0*C  : 
a  1 ' etat  Initial, 

-  apres  vl el  1 11 ssement  humide  et  sol  1 1  cl tatlons  de  fatlgua, 

250  h  a  70*C,  100  *  HR 

+  33  000  cycles  de  fatigue  traction  0,3  Fp/compresslon  0,1  Fr 
Ce  cycle  est  rfipfite  trols  fuls  avant  d'effectuer  l'essal  statlque  rdslduel  a  U0°C. 


Fr  correspond  a  la  charge  de  rupture  en  traction  de  1 ’dprouvette  neuve  non  poreuse. 


Dans  tous  les  cas,  la  rupture  a  lieu  par  dfl- 
boutonnago  et  ddlamlnage  dOs  au  moment  secon- 
dalre  engendrd  par  le  type  d ' fiprouvette . 

On  constate  une  chute  de  resistance  statlque 
par  rapport  aux  tftmolns  non  poreux  d'envlron  : 

-  20  X  nour  5  *  de  poroslte, 

-  40  51  pour  8  X  de  poroslte. 

La  fatigue  et  le  vl el  1 1 1 ssemen t  humlde,  tels 
que  definis,  n'ont  pas  plus  d'lnfluence  sur 
materlau  de  raauvaise  quail t ft  que  sur  materlau 
sain. 


Pour  un  taux  volumlque  de  fibre  de  1 'ordre  de 
63  X  ; 

-  un  taux  de  poroslte  surfaclque  de  12  X 
fnlt  chuter  la  contralnte  de  clsal 11 ement 
d'envlron  15  X  lors  des  essals  i  tempera¬ 
ture  ambiante,  et  de  10  X  lors  des  essals 
i  120“C. 

-  les  porosltes  n'accelerent  pas  la  degrada¬ 
tion  du  materlau  expose  en  ambiance  humlde 
1000  h  i  70*C ,  100  X  HR. 


4.6  -  Influence  sur  le  comportement  en  flexion 

Sur  deux  taux  volumlques  de  fibre,  51  X  et  62  X,  des  essals  1  20*C  et  120*C  ont  dte  con¬ 
duits  sur  matSrlaux  sain  et  de  mauvalse  quallte  (7  X  et  10  X  de  porosltis  surfaclques) . 


*// 


On  constate  que  : 

-  a  l'etat  Initial,  des  chutes  de  l'ordre 
de  20  l  peuvent  6tre  attelntes  avec  les 
matdrlaux  J  10  *  de  porosltis  surfaclques, 

-  le  vlel 11 1 ssemant  humlde  750  h  a  70*0, 

100  X  HR  a  un  effet  analogue  sur  material! 
de  bonne  ou  de  mauvaise  qualite  (la  poro- 
si tfi  n'ampllfle  pas  la  degradation  du 
produl t) . 


\  . 
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5  -  INFLUENCE  DES  DELAHINAGES 

Les  decocts  1 ons  Intercouches  ont  ate  obtenues  artl  flclel  lenient  dans  la  phase  drapage  du 
stratlfie  par  Interposition  entre  2  plls  d'un  morceau  de  VAC-PAK  ou  de  TEFLON  detectable 
en  contrSle  ultrasonore. 

5.1  -  Sur  le  comportement  en  traction  avec  trou  hablte 

Le  dafaut  de  dimensions  14  x  14  mm  est  sltuO 

- 11 - -  a  m1-6paisseur  du  matarlau  entre  deux  plls 

disposes  t  +  45*. 

/  /  7~y - 7 - 7*7  Ea  presence  de  la  decohesion  au  niveau  d'un 

*/  /  .«  /  /  //  ju  /Zy  trou  dtamStre  5  mm  hablte  ne  modi  fie  pas  la 

/  /  ■' / /  ‘;r‘  //  ^ /fly  resistance  a  la  traction  a  80*0  ni  a  l'etat 

-t—f _ C  /  /'  - - y;  Initial,  ni  apr6s  vlel  1 1 1  ss  eaten  L  plus  fatigue. 

—  _  \i/'  Cycle  de  so  1 1 1  cl ta tl on  r6p6te  3  fols  : 

-  250  h  de  Vi  el  11 1  ssement  humlde  70*0,95*  HR 

-  33  000  cycles  de  fatigue 

0,3  Fp  tractl on/-0 , 1  Fq  compression. 

Fr  ■  charge  de  rupture  de  l'eprouvatto  neuve  sans  delamlnage. 

Aucune  propagation  du  defaut  n'a  6te  detoctae  an  contrfile  ultra-sonore  aprfis  les  cyclages 
vlel 1 lissement  +  fatigue. 

5.2  -  Sur  le  comportement  des  jonctluns  mecanlques 


Les  4  defauts  de  dimensions  14  x  14  mm  tout 
sltuSs  a  ml-fipalsseur  du  matdrlau  entre  deux 
plls  disposes  a  +  45*.  a  1 'emplacement  des  4 
vis  de  fixation  dlamitre  5  mm. 

Les  ddcoheslons  ne  modifient  pas  le  comporte- 
ment  de  la  janctlon  mtcanlque  a  80“C,  aussl 
blen  a  l'etat  Initial,  que  sur  matSrlau  ayant 
subl  un  cyclage  vlel 1 1 Issement  plus  fatigue, 
comme  deflnl  au  paragraphe  5.1. 


'M&y  * j 


5.3  -  Sur  le  couiporteinent  en  compression 

que  le  dfifaut  14  x  14  mm  solt  sltue  a  ml-epalsseur  (entra  deux  plls  a  +  45°)ou  apres  la 
sixleme  couche  en  partant  da  la  surface  (entre  deux  plls  a  0*  -  45*),  on  constate  la 
mime  chute  de  performance  en  compression  a  BO*C. 

Les  bords  de  1'eprouvette  sont  malntenus  la- 

thralement  pour  Ovlter  le  flambagB  generali-  —  -  1*  - - 

s6  de  1' hprouvette . 

On  constate  ainsl  que  la  dScohSslon  etudifie  /~7  ~7~?  7^7  H 

entrains  a  80*0  :  //  < yy 

/  /  /  /  /_  ■  //  nr  yjy 

-  une  chute  de  10  *  de  la  contralnte  a  //  /  /  //  yy 

l'etat  Initial,  I  •  =S,,—r r~ ? 

-  une  chute  de  20  *  apris  condl tl onnement 

vlel  1  Hssement  humlde  +  fatigue,  tel  .  •  '!y~ 

que  deflnl  au  paragraphe  5.1. 

5 . 4  -  Sur  le  clsalllement  1 n tori  ami nal re 

Seul  un  roaterlau  a  60  plls  (e  •  0,13  mm)  unldlrectlonnels  a  6t6  solllclte  en  presence  de 
dSfauts  de  dimensions  7,1  x  7,1  mm  *  50  mm2  posItlorinSs  sur  la  fibre  neutre. 
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Que  ce  suit  a  l'Atat  Initial,  ou  aprAs  cycla- 
ge.  cycle  rApAtA  3  fols  : 

-  330  h  de  vlelll Issement  humlde  70*0 ,  100*  HR 
sous  charge  constants  0,3  charge  de  rupture 

-  33  000  cycles  de  fatigue  4  0,3  charge  de 
rupture , 

le  delamlnage  AtudIA  fait  chuter  la  tenue  rA- 
slduelle  en  clsalllement  Interl ami n s 1  re  de 
30  *  4  temperature  amblante. 


5.6  -  Sur  1 e  cisal 1 1 emen t  plan 

Sur  drapage  Isotrope  16  plls,  deux  dimensions  de  dSfauts  posItlonnAs  entre  les  8&me  et 
gOme  plls,  ont  AtA  s Al ec tl onnAes : 


-  17,3  x  17,3  nun  suit  300  mm2  gy  0,8  *  de  la  surface 


54, 8  x  64, B  mm  solt  3000  mm2  su 


8  *  de  la  surface. 
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Que  ce  salt  4  l'etat  Initial,  ou  apris  sol  li¬ 
cit  a  1 1  on  en  fatigue  100  000  cycles  4  0,5  Fr/ 
0,05  Fr  {Fr  ■  charge  de  rupture  statlque  du 
mattrlau  neuf  sans  dAfaut) ,  la  presence  d'une 
dAcohAslon  1 n tercouches ,  reprAsentant  jusqu'4 
8  *  de  la  surface  travel  1 lante ,  n'a  aucune 
repercussion  sur  la  resistance  en  clsalllement 
plan  d'un  mattrlau  4  couches  crols&es. 

Ulen  que  la  charge  de  fatigue  applIquAe  ttalt 
supArlaure  4  la  charge  da  pllssement,  le  dA- 
faut  n'a  pas  progress^. 


6  -  influence  des  oefauts  of  collage 

L'Atude  porte  sur  matArlau  constltuA  de  couches  uni dl recti onnel 1 es  (T300,  NARMCO  5208)  4 
l'dtat  prAImprftgnA  assocldes  par  co-culsson  4  1'adhAslf  REDIIX  319  A. 

Les  dAfauts  sont  obtenus  par  dAcoupe  du  film  de  colle  avec  rempl acemant  de  ce  dernlBr  par 
un  film  sAparateur  Avltant  1 'adherence  des  parties  4  assembler. 

5. 1  -  Coniportainent  des  jonctlons  collAes  soumlses  4  un  flux  de  clsalllement  constant. 
C'est  le  cas,  par  example,  d'un  collage  longeron-revAtements . 

6.1.1  -  AssemMage_carbgne-carbone 


Oeux  largeurs  de  dAfauts  ont  AtA  sAlectlon- 
nAes  :  2  et  6  mm. 

Les  essals  conduits  4  -  55*0,  20*0,  120*0 
font  apparaltre  que  : 

.  4  20”C  et  120°C,  la  rupture  n'a  pus  lieu 
au  niveau  des  dAfauts  de  collage,  mals 
entre  Ins  touche,  dt  carbone  (rrxpocM 
vement  cx  80  MPa  et  «  55  MPa  quelles  que 
solent  les  configurations  essayAes), 

.  4  -55°C,  on  obtlent  une  rupture  au  ni¬ 
veau  du  joint  collA.  Les  dAfauts  de  lar- 
geur  2  et  6  mm  entralnent  respectl vement 
une  chute  en  clsalllement  de  10*  et  30* 

Pn  m  man  n  f>  n  h  R  1  I  An^>,  i»ilA4Fn  n  n  n  n  X  A  f  t  .  ,  A 

ui  luJpLriw  a  l  t|ii  uUVcusb  aali*  u  to  I  u  U  V 

de  collage  tenant  60  MPa. 

6.1.2  -  Assemblage_carbone;t1 tune 

Les  mSmes  largeurs  de  dAfauts  2  et  6  mm 
sont  AtudlAes.  Toutes  les  ruptures  ont  eu 
lieu  par  clsalllement  da  1'adhAslf  (rup¬ 
tures  cohfislves  dans  le  film). 

On  constate  que  les  dAfauts  atudlAs  n'ont 
aucune  Influence  sur  l.>  comportement  du 
joint  aux  trols  temperatures  -5A”C,  20*0 
et  120*0.  On  obtlent  respectl vement 
a  115  MPa,  =  100  MPa  et  -  65  MPa,  quelles 
que  solent  les  configurations. 


6.2  -  Comportement  des  jonctlons  collAes  soumlses  4  un  flux  de  clsalllement  variable . 

Cast  le  cas,  notamment,  des  Introductions  d'efforl  dans  un  composite  par  1  ’  1  ntermSdl a  1  re 
d'un  Insert  tltane. 


Dans  la  zone  de  cisaillement  12  ram,  deux  lar- 
geurs  de  defauts  sont  retenues  :  2,5  et  5  ram, 
j;wc  assoclees  a  deux  positions  :  milieu  et  extre- 

/  mite  de  la  zone  collSe- 

'  /  ff  A  Les  defauts  intdressent  tnute  la  largeur  des 

*/ /  //  w  )//  P  )  eprouvettes.  Les  contralntes  moyennes  sont 

//  //  ///  [//  P ~zdf'  calculfies  en  prenant  toujours  pour  section 

- . — <r - fv  apparente  12  x  25  mm  (figure  5). 

‘/f\t  ii  Vu  la  rlgidite  des  substrats  et  la  falble 

I  I  longueur  de  recouvrement ,  1 ‘emplacement  du 

lUiUMje*  ““  dSfaut  (milieu  ou  extrfimltS  du  joint  colie) 

n'a  que  peu  d'lnfluence  sur  le  comportemen t 
de  la  liaison  aux  trois  temperatures  -55*C, 
20“C,  120“C. 

51  1  '  on  calcule  les  contralntes  de  cisaillement  (figure  6)  avec  les  surfaces  collSes 
vrales  (deduction  des  defauts),  on  constate  ou'11  y  a  proportl onal 1 t6  entre  charge  et 
section  collbe  lurs  des  essals  i  12Q°C  (pas  de  phenoraftnes  de  surcontralnte)  alors  qu'une 
alteration  de  la  tenue  du  joint  est  constatee  aux  plus  basses  temperatures  :  jusqu'Slbt 
i  -55°C  et  30  Si  S  20"C. 

7  -  conclusions' 

La  maltrise  de  la  quallte  des  pieces  fabrlquBas  en  materlaux  composites  dolt  etre  un  ob- 
jectlf  prlorltalre,  car  das  chutes  tres  Importantes  peuvent  etre  constatees  sur  les  per¬ 
formances  mdcanlques. 

On  peut  soullgner  que  les  risultats  presantes  lors  de  cat  expose  font  ressortlr  que  le 
r61e  nefaste  des  defauts  de  fabrication  apparalt  essentl el  lament  a  l'etat  neuf  du  mate- 
rlau,  et  que  ces  defauts  n 1  ainpl  1  f  1  ent  pas  la  degradation  du  matirlau  lors  d'exposltlon  en 
ambiance  humlde,  ou  da  sol  1 1  cl tatlon  sous  charge  cyclee. 

(In  velllera  done  parti cu  11  Bremen t  i  optlmiser  la  conception  des  structures  (bureaux  d'e- 
tudes),  a  apprehendor  les  paramStres  senslbles  des  materlaux  ( 1 aboratol res  1  ,  a  concevolr 
des  autlllages  adaptSs  (services  methodes),  I  maltrlser  les  gammes  de  fabrication  (ser¬ 
vices  production) . 

Sur  pieces  t'lnles,  des  Bioyens  adaptes  de  contrOle  automatisB  devront  permettre  a  coQt  rd- 
dult  d'obtenlr  une  appreciation  rBaliste  de  la  quallte  du  materlau.  afln  de  pouvolr  apprB- 
oler  les  marges  da  securltft  sur  les  pieces  dastlnfes  a  6tra  monteas  sur  apparells. 


cisaillement  interlaminaire 
_  couches  croisees 
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ABSTRACT 


- -  The  applications  of  composite  materials  In  primary  aircraft 

'structures  need  deep  Investigations  on  the  materials  themselves 
and  rellahle  techniques  of  control  of  the  products. 

The  last  topic  rappresents  one  of  the  most  weak  points  In  the 
composites  and  adhesives  technology  because  there  is  no  one 
N.D.  method  useful  and  valid  for  all  kinds  of  defects  but  a 
variety  of  N.D.  methods  In  order  to  achieve  good  results  In 
the  1 nspectabl  •  1  ty  of  the  configurations  are  necessary. 

This  paper  contains,  In  Its  first  part.an  overview  of  some 
most  popular  techniques  for  maximum  sensi 1 1 v 1 ty , de terml nat 1  on 
on  standard  defects  using  a  proof  specimens,  that  Is  : 

»  X-ray  radiography  and  In-line  radioscopy  el etroni cal  1 y 
supported 

<•  X-ray  xeroradiography 
-  Neutron  radiography 
<-  U,  S  .  i  nvestl  gatl  on 

Thu  second  part  presents  some  examples  of  application  of  the 
above  mentioned  techniques  on  significant  aircraft  components 
1  .e. : 

.domain  rotor  spar  and  blade 
^-maln  rotor  blade  grip  ^ 

and  the  results  are  discussed,  ^ — - 


INTRODUCTION 

This  work  was  carried  out  without  the  aim  of  Introducing  new  N.D,  control  techniques  for 
composite  materials  but  the  philosophy  was  to  show  the  possibilities  of  conventional  N.D. 
techniques  supported  by  some  expedient  to  emphasize  the  resolution  and  the  quality  of 
controls.  To  make  this  we  used  the  facilities  already  present  In  our  factory  as  well  as 
equipments  coming  from  other  laboratories  In  the  field  of  Penetrant  radl atl ons  ,U . 5. 
Inspections  and  dye  penetrant  systems. 

In  this  work  we  are  going  to  show  the  Improvements  of  the  results  obtained  with  these  very 
common  systems  optimizing  control  parameters  and  procedures  and, for  radiation  Inspection, 
choosing  the  best  system, to  print  the  X-1mage,both  In  the  field  of  standard  Industrial 
materials,  and  out  of  this. 

The  goal  was  to  reach  the  maximum  results, minimizing  typical  shortcomings  of  each  tuchnlque. 

We  consider  only  radiation  and  U.S. Inspections  because  from  our  experience  we  noted  that 
dye  penetrant  systems  for  finite  components  were  pratlcally  useless  because  of  the 
adsorption  of  the  resin  (expeclally  fur  Intermediate  components  of  a  s truct ure ) ,  and  because 
of  rough  surfaces. 

GENERAL  CONSIDERATIONS 

We  compare  the  above  mentioned  techniques  and  several  sensitive  materials, In  order  to  gain 
the  conditions  of  maximum  sensitivity  and  resolution  on  each  of  them, as  well  as  the  best 
working  conditions  of  the  equipment, for  these  purposes  we  prepared  a  special  sample  panel. 

This  sample  panel.made  with  f 1  berg  1  ass-epoxy  composite  material, was  obtained  from  a 
continuous  prepreg  tape;all  kinds  of  standard  defects  typical  of  composite  structures  were 
put  into  the  laminate. 

The  defects  were  choosen  on  the  basis  of  our  experience  of  destructive  analysis  of  several 
samples  and  from  literature  examples. 

In  other  words  we  put  Into  the  panel  the  following  flaws  ; 

1)  foreign  material  Inserts  among  plies  like  support  silicon  paper  (a)  protective  teflon 
cover  (c)  and  peel  ply  (b); 

2)  fiber  gaps, between  two  adlacent  tapes  In  the  same  ply  (g); 

3)  cutted  fibers  (f)  ; 

A)  twisted  (e )  and  knuts  (a)  of  fibers; 

S)  delaminations  (debonded  areas  among-pl les) . 


The  above  mentioned  panel  is  shown  in  picture  1. 


Picture  N°l:  The  sample  panel 


We  are  quite  sure  that  combining  opportunely  the  techniques  of  X-ray  and  U.S.  investigation 
sufficient  Information  about  the  flaw  conditions  of  the  material  under  test  are  normally 
warranted . 


Will  ruiiicui 

In  this  paper  we  did  not  discuss  the  physical  rules  governing  the  techniques  themselves  as 
well  as  all  the  procedures  followed  in  finding  the  best  parameters  and  working  conditions 
because  ?l'ey  have  been  explaned  by  several  authors  (1.2.3)  but  only  the  results  obtained 
analysini  composite  structures 


(llltt  I  JT  3  l  I  VVIIIJUV*  I  vw  «  ... 

To  analyze  the  test  panel  with  X-ray  we  needed  to  use  k-voltage  as  low  as  possi ble( normal ly 
arranged  between  21H30  Kv  depending  on  the  X-ray  sensitive  material). 


for  the  best  results  we  needed  also  to  use  a  microfocus  X-ray  tube  with  Berillyum  window, 
for  U.S,  inspection  we  used  a  transmission  immersed  C-scan  equipment  with  a  characteristic 
frequency  of  5  MHz. 


T  re^uvnugr  «  i  mi  *■  • 

We  would  like  to  emphasize  that  this  frequency  comes  from  the  industrial  system  used  tor 
aluminium  sandwich  panels. 


RADIOGRAPHIC  INSPECT 1QMS  Of  THE  TEST  PANEL  ' 

We  carried  out  the  following  tests  : 

a)  conventional  X-ray  radiography  with  standard  ASTM  class  1  (DIN  11°)  films,  extra-fii 
grain" low  speed  :DUP0NT  NOT  45  and  55,  AGFA-GEVAERT  04.  KODAK  M,  example  reported  in 


picture  2; 

b)  conventional  X-ray  radiography  with  standard  ASTM  special  class  (DIN 

'  ...  .  i .  himruiT  MflT  IK  AnFU-ftFUAFRT  D?  r.O 


v “ )  f 11 m s , u It r a 


X-ray  radiography  with  standard  a  b !  m  special  uass  iui«  >  \  ' 

fine  grain,  very  low  speed;  UUPONT  NOT  35,  AGFA-GEVAERT  D2  double  coiled,  KODAK  R; 
an  example  is  given  In  picture  3;  ‘ 

conventional  X-ray  radiography  high  definition  copiline  films  AGFA-GEVAERT  HD-3p  with 
a  grain  dimension  of  about  1  J>  m  ultra  slow  films  (  in  the  following  we  will  name  simply 
HO  films),  an  example  is  shown  on  picture  4; 


d)  radiographic  re-impression  l  chntques  tor  the  use  of  industrial  04  and  02  films  example 
is  given  in  figure  5; 


e)  X-ray  very  low  K-voltage  radiography  in  vacuum  with  conventional  DZ  film;  the  example 
is  at  picture  6; 

f)  X-ray  electro-rad  1 ography  (xeroradiography)by  medical  equipment  Xerox  system  126;pos1t1ve 
and  negative  impression;  the  example  of  the  positive  image  is  at  picture  7; 

g)  Neutron  radiography  by  means  of  a  N -  Gd  converter  (direct  impression)  with  Kodak  R 
films, example  In  picture  8  ; 

h)  Industrial  X-ray  radioscoplc  Investigation  with  eletronlc  support  and  treatment  of  the 
signal:  image  Intensifies  TV  camera  and  monitor  (image  example  In  picture  9  .grey 
densftometric  analysis  am)  eight  colour  syntettzer  associated  video  monitor  (picture  10) 
and  deflection  mode  video  signal  presentation,  virtual  30  image  (picture  11). 


from  the  above  listed  and  following  pictures  it  appears  that  all  the  mentioned  techniques 
are  useful  ;  the  following  consideration  must  be  taken  as  a  guide  In  the  choice  of  the 
most  suitable  techniques 
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Picture  N°  4  :  Test  c 


d)  Test:  02  film  (from  04  overexposed  radiography). 

This  technique  is  useful  to  Improve  the  "exposure  latitude"  without  utilizing  higher 
K  voltages  and  can  be  used  for  components  having  different  thickness  or  “blackboxes" 
when  it  Is  impossible  to  have  a  precise  Idea  of  correct  exposure  parameters  as  well  as 
to  recover  some  Information  by  an  overexposed  film  (or  zone  of  a  film)  when  the  sample 
Is  no  more  available. 

The  resolution  of  this  techniques  Is  lower  than  a), any  way  It  Is  lower  thanthe  correspon¬ 
dent  well  done  single  impression  radiography  (4). 


Picture  N°5:Test  d 


e)  Test:  HD  film  vacuum  radiography. 

The  "vacuum  radiography"  allows  the  reduction  ot  an  absorbed  and  diffused  radiation  by 
air  so  that  we  can  reduce  the  K-voltage  of  irradiation  with  an  Increase  of  the  resolution 
of  the  image. 

The  necessity  of  a  vacuum  light-proof  chamber  Introduces  some  limitation  In  the  use  of 
this  system,  not  always  payed  by  the  Improved  resolution, 

f)  Test:  Xerorad 1 ogr aph 1 c  positive  Image. 

From  our  point  of  view  this  Is  the  best  technique  in  the  field  of  X-ray  1 nspect 1  on , because 
the  highest  quality  in  resolution  Is  reached  (5). 

The  advantages  (6-11)  of  this  technique  can  be  listed  as  follows; 

-  no  time  loss  for  development 

-  high-life  time  sensitive  materials 

-  high  sensitivity  to  fast  density  variation  (edge  effect) 

-  possibility  to  choose  positive  or  negative  final  image 

-  low  sensitivity  to  gradual  variation  of  X-ray  density  or  material  thickness. 

I 


The  cost  of  tlit  system  is  very  high  but  each  image  is  cheaper  than  a  pure  X  sensitive  film 
and  the  interpretation  is  not  affected  by  the  real  quality  of  the  transilluminator. 

All  the  above  arguments  give  an  interesting  pay  off  of  the  system. 


We  point  out  that  the  device  till  now  was  developed  only  for  medical  use. 

We  are  quite  sur-'  that  if  this  system  will  be  redesigned  for  Industrial  purposes  It  will 
be  possibile  to  Improve  the  results  again. 


g)  ~est:  neutron  radiography  on  film  by  Gd  n  -  converter. 

This  technique  gives  interesting  results  thiough  different  information  coming  from  the 
characteristic  of  the  neutrons. 

In  this  case  differently  'rom  X-ray  inspection  the  N-opacque  material  is  the  resin  and 
fibers  are  quite  not  visiblefthe  sign  of  fiber  directions  Is  due  to  the  "holes"  fn  the 
resin):  by  means  of  this  feature  It  Is  possible  to  see  very  well  flaws  in  the  resin  like 
bubbles  and  anomalous  distributions  of  the  resin  Itself. 

Through  this  system  is  possible  to  detect  the  foreign  materials  inserts,  too. 
Nevertheless  this  technique  is  quite  expansive  because  it  need:  a  nuclear  facility  with 
obvious  problem  of  carriage  and  handling  of  samples. 


The  same  panel  section  that  In 
fig. 9  converted  in  eight-colour 
image  In  order  to  improve  the 
contrast  between  "adiacent" 
grey-level s . 


‘  ^  The  virtual  30  image  of  the 


-•  ,4>  . 1 


U.S.  INSPECTION  ON  TEST  PANEL 

For  the  detection  of  de  1  ami nat i ons  and  debondtng  an  useful  technique  is  the  U»S. inspection. 

In  analogy  with  U.S,  inspection  of  metallic  structures, we  think  that  the  best  system  to 
monitor  composite  components  is  the  immersion  transmission  U.S.  analysis  (in  this  field  we 
include  the  use  of  “squirters"  governed  by  the  same  principles  of  U . S . transmi ssi on  in  the 
water  without  a  real  immersion  of  the  structures)  supported  by  an  automatic  C-scan  equipment. 


We  employed  a  facility  designed  for  helicopter 
5  MHz  was  used. 


l  ^  H  ~  - 

I  UUCP  t  u 


requency  of 


We  could  not  verify  the  best  frequency  to  be  used  for  this  material  and  thickness. 

Using  the  Immersion  system  we  found  some  problems  in  the  set  up  of  the  equ ipment .moreover 
we  found  also  that  the  moisture  absorption  of  the  material  affects  the  repetitlvity  of 
results.  Any  way  the  technique  Is  to  be  Improved  because  we  found  some  delaminations  not 
detectable  by  other  N.D.test.  The  C-scan  is  shown  in  picture  N’12. 

To  be  sure  of  the  de 1  ami nat i ons  detected  a  direct  contact  reflected  U.S.  inspection  by 
focused  probes  with  characteristic  frequencies  of  ,75  and  3  MHz, from  Gllardoni  RG  20  was 
used. 

The  results  confirmed  the  previous  analysis,  but  using  this  technique  It  is  very  difficult 
to  assure  the  repetlvlty  of  the  measurements  because  they  are  too  dependent  on  the  operator. 
We  have  not  found  till  now  a  good  procedure  to  be  followed. 


■It 
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PROTOTYPICAL.  SAMPLES 

Af  Lit  the  experience  on  the  test  panel  we  could  start  the  Investigations  on  more  complicated 
structures  In  order  to  verify  the  various  techniques  and  sensitive  materials  on  thick  samples 
complicated  as  the  real  helicopter  components. 

We  have  to  remark  that  the  geometry  of  the  samples  could  be  a  very  difficult  parameter  to 
process  expeclally  for  X-ray  Investigation,  and  thickness  can  affect  U.S.  Inspection:  In 
other  words  we  have  to  consider  very  well  the  lay-up  characteristics  of  any  structures  In 
order  to  define  the  control  procedure. 

In  order  to  perform  the  above  mentioned  Investigations  some  different  tests  were  performed 
on  a  thick  sample  similar  to  an  helicopter  component  part  but  full  of  defects;  than  we  check 
some  prototypical  components. 


Picture  N*  13:  Top  view  of  the 
"eyes". 


In  picture  N 0 1 3  we  show  the  thick  sample  N”  Z  similar  to  the  “eyes"  of  the  spare  root. 

This  sample  is  made  by  f  1  berg  1  as s-epoxy  prepreg  tapes,  the  difference  between  two  “eyes'  Is 
due  to  the  resin  system  and  its  content. 

a)  Positive  (fig. 14)  and  negative  (fig. 15)  xeroradiography. 

In  both  images  It  1  s  possible  to  see  very  well  the  del  ami  nat  1  ons  among  the  plies;  we  remark 
that  this  Is  possible  only  by  the  particular  angle  of  Irradiation. 

The  Images  are  well  exposed  for  both  the  eyes. 


t-v 


fil 


c) 


Re-Impression  radiography  (D4  and  22  films). 

In  picture  N°  17  we  can  see  that  the  starting  image  is  completely  ununderstandable  In 
some  areas,  by  this  technique  we  can  recover  the  information  from  these  areas  directly 
by  the  film,  without  repeating  the  examination  on  the  real  sample  (picture  N “ 18 ) . 

The  exposure  latitude  is  increased  but  the  resolution  is  worse  than  a)  and  b). 

Picture  N  °  1 7  :  Overexposed  D4 
til  hi  ( K  ll  bop  view. 


8 
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Picture  N*18  :  R2  on  P2  film 


i  a 

d )  U  . S .  inspection  . 

This  Is  a  very  critical  situation  because  of  material  thickness  and  shapes:  pratically 
we  have  no  results. 
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MAIN  ROTOR  BLADE  SPAR  WITH  TITANIUM  AD  R A  S I  OH  STRIP 
In  the  picture  23  and  24  the  spar  section  is  shown. 


Picture  N*  23  :  Plane  view  of 
the'Ypar  with  a  bonded  titanium 
foil . 


Picture  N*  ?4  :  Ihe  side  view 
of  the  spar  section. 


The  radiographic  Inspection  need  two  different  exposures  for  the  complete  control  of  the 
sample . 

1)  A  low  K-voltage  irradiation  to  examlnethe  "free"  area,  that  is  the  surface  not  covered 
by  the  T1  sheet, 

Wl  can  see  the  fiber  orientations  and  the  "tracers"  (coloured  lines  in  the  23  and  24 
pictures) . 

2)  A  second  exposure  at  an  higher  K-voltagi  to  examine  the  area  covered  by  T1,  we  have  a 
good  resolution  in  this  image, too,  we  see  the  fiber  orientation  and  tracers. 

Through  xeroradiography  Inspection  we  obtain  the  same  results  (  or  better  ),  with  a 
single  shoot,  as  it  Is  shown  in  picture  N"  27. 


tj.jct.ure  N°  27;  Xeroradiography 
of  the  spar  . 
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Also  radioscopy  can  help  the  control  but  only  when  the  deflection  mode  is  employed. 
Picture  N°  28  and  N°  29. 


Picture  N*  2B  :  Radioscopy: 

TV  image  does  not  resolve 
fibers  orientation  and  tracers 
are  quite  invisible. 


Picture  N°  29  :  Radioscopy  : 

deflection  mode  increases  the 
resolution  emphasizing  tracers 
and  fibers  orientation. 


PI 'A  IN  ROTOR  ULAUt  (SUCTION) 

We  performed  some  Investigation  on  blade  sections  after  mechanical  test, one  of  these  samples 
and  the  testing  machine  are  shown  in  picture  N°30. 

In  the  following  pi cture( N“31  and  32)  two  images  of  this  samples  are  presented.  A  radiograply 
(performed  before  the  test)  and  a  xeroradiography  (after  the  test:  it  shows  very  well  crasles 
In  Ti  sheet)are  sbown:the  pictures  emphasize  the  great  advantage  of  xeroradiography  that 
allows  some  good  resolution  all  over  tile  blade. 

The  radiography  Is  overexposed  for  the  honeycomb  zone  and  completely  unexposed  everywhere: 
we  can  see  either  the  tracers  of  skins  over  huneycomb.eithur  fibers  orientation  under  the 
titanium  foil. 


BLADE  GRIP 

Probably  this  may  be  one  of  the  simplest  specimen  to  be  controlled  because  of  its  geometry 
(no  thickness  variations):  it  is  shown  in  picture  N°33. 

The  radiography  allows  to  control  very  v/ell  the  eyes  lamination  and  because  of  the  constant 
thi  cknes s *g1  ves  a  good  image  all  over  the  piece. 

Also  U . S . 1 nspect ions  was  employed  and  the  results  are  shown  in  picture  35. 

By  this  techniques  it  is  possible  to  detect  some  debonded  areas  between  the  surfaces  cover 
and  Internal  filler  materials  (with  areas  in  the  picture)but  it  Is  i m possible  to  find 
del  ami  nations  around  "eyes". 
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Picture  N°  3b: U.S, inspection 
C.  Scan. 


CONCLUSIONS 

The  defects  In  composite  components  built  by  stack  up  of  prepreg  tape  plies,  is,  from  our 
exper  ietice ,  typi  cal  ly  flat. 

This  kind  of  defects  Is  detectable  by  X-rays  inspection  only  when  its  direction  is  quite 
parallel  to  the  radiations,  normally  this  is  a  shortcoming  of  the  technique. 

In  our  case,  we  know  the  "surface"  of  lay  up  and  we  can  determinate  the  correct  direction 
of  Inspection, in  thisway  it  is  possible  to  find  easily  all  lamination  defects  (like 
debonded  areas,  marcels,  etc.)  better  than  by  U.S.  investigation. 

Moreover,  the  geometry  of  many  components  don't  allow  the  Inspection  In  the  correct  direction 
(high  surfaco/thickness  ratio,  where  thickness  is  perpendicular  tc  the  lay-up  plane)  and 
In  this  situation  U.S.  technique  became  very  useful, 

Prom  this  considerations  It  appears  that  In  order  to  control  composite  helicopter  components 
we  need  at  least  two  techniques:  the  best  results  are  obtained  combining  xeroradiography 
and  C-scan  immersion  U.S.  inspection  when  possible. 
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.UMMARY 

*--2)  A  combined  analytical  and  experimental  Invest . gation  has  bee i  undertaken  to  dater- 
minfJ  the  ei recta  Gf  flaws  on  the  static  strength  and  fatigue  life  of  graphite/epoxy 
(AS1/3501-6)  la»...  natoB.  Both  b^nd-] ine  defects  in  sandwich  beam  construction  and  inter¬ 
laminar  disbond  flaws  were  studied.  Up  to  present,  compressive  strength  test  data  have 
been  obtained  for  ambient-  and  elevated  temperature,  moisture-saturated  cv-.liticns , 
including  results  f±om  thermal-spike  cycling  simulating  supersonic  C-iight.  In  addition, 
baseline  data  have  been  obtained  to  define  the  strength  parameters  ssociated  with  the 
tensor  polynomial  lanDna  failure  criterion.  Although  this  model  w a a  originally  derived 
t  >r  static  'unr Jawed1  strength  predictions,  it  is  being  extended  to  include  the  effect 
of  holct.  and  flaws.  'n  ttu.  latter  case,  a  finite  element  approach  la  described  to  illus¬ 
trate  the  methodology  for  computing  the  influence  of  flaws.  Fir.ally,  a  formulation  for 
piedicting  the  fatigue  life  of  laminates  is  presented  based  on  the  experimental  evaluati- 
of  fatigue  functions  which  are  utilized  in  a  form  of  the  tengor  polynomial  failure  critc- 
r  ion .  * - 
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hole  diameter  or  •. law  size  parameter 

modulus  of  elasticity  of  composite  measured  in  x-direction 

orthotropic  modu  i  of  elasticity  measured  in  1  and  2  directions,  respectively 
shear  modulus  of  elasticity  measured  in  1-2  plane 

characteristic  distances  for  tension,  compression,  shear  and  biaxial  loading, 
respectively 

frequency 

fatigue  life,  cycles 
normal  stress  resultants 
sljear  stress  resultant 

ratio  of  algebraic  mi nrmurc /maximum  cycli*-  stresses 
static  lamina  shear  strength  measured  in  1-2  plane 

fatigue  shear  strength  of  lamina  measured  in  the  1-2  plane  for  given  N  and 
R  value 

sample  width 

tensile  and  compressive  static  lamina  strengths  measured  in  the  1-direction 

tens  tie  and  compressive  lamina  fatigu^  strengths  measured  in  the  1-direction 
for  given  N  and  R  values 

tenrile  and  compressive  static  lamina  strengths  measured  in  the  2-direction 

tensile  and  compressive  lamina  fatigue  strengths  measured  in  the  2-direction 
for  given  rf  and  R  values 


buckling,  ultimate 

orthogonal  in-plane  structural  axes 

iamira  material  axe*?  -.vara  1  lei  and  orthcgonal  to  the 


respectively 

indicates  shear  propertie 
tively 


fiber  reinforcement, 
relative  to  the  2-3,  3-1  and  1-2  planes,  re spec- 


Greek  Symbols 


aT  coefficient  of  thermal  expansion 

0  fiber  orientation  relative  to  the  x~axis 

v  Poisson's  ratio 

0  stress 

a*  ultimate  static,  ambient  dry,  unflawed,  specimen  strength  for  a  given  batch 

and  manufacturing  process 

aults  ultimate  static  specimen  strength 

axc  composite  failure  stress  in  x -direction 

1.  INTRODUCTION 

With  the  advent  of  graphite -epoxy  primary  structural  components  in  advanced  high 
performance  aircraft,  the  need  for  proven  predictive  formulations  to  quantify  the  effects 
of  defects  in  composite  materials  becomes  of  paramount  importance.  The  determination  of 
critical  crack  dimensions  in  complex  heterogeneous  composite  structural  components  which 
are  subjected  to  multimode  stress  fields  is  receiving  priority  treatment  in  a  number  of 
countries,  including  Canada.  Efficiant  systems  management  programs  require  the  ability 
to  define  accept/repair  criteria  and  non-destructive  inspection  intervals  both  of  which 
necessitate  the  development  of  a  methodology  for  assessing  the  effect  of  defects. 

In  the  design  of  laminateo,  one  of  the  major  difficulties  still  confronting  the 
analyst  is  that  of  selecting  a  suitable  strength  criterion.  This  problem  is  of  course 
further  compounded  by  the  presonce  of  holes,  interlaminar  flaws  and  boundary  conditions 
which  give  rise  to  local  stress  concentrations  and  three-dimensional  stress  fields. 

Suffice  it  to  say  that  an  accurate  static  strength  prediction  for  a  laminate  subject  to 
these  conditions  represents  a  considerable  analytical  task.  To  extend  this  predictive 
capability  to  include  fatigue  loading  represents  an  even  more  difficult  problem.  One 
can  illustrate  the  various  aspects  involved  by  examining  the  flow  chart  of  Fig.  1.  For 
a  given  external  load  system  (i.e.,  including  temperature),  one  first  needs  to  calculate 
the  stress  state  in  each  lamina.  If  the  effects  of  flaws  and  boundary  conditions  are 
not  considered,  then  classical  laminate  theory  can  be  used.  otherwise,  recourse  to 
complex  analytical  models  and  fracture  mechanics  considerations  are  necessary.  ^ 

Classically,  high  strength,  low  strain-to-f allure  isotropic  metals  have  been  success¬ 
fully  characterized  by  linear  elastic  fracture  mechanics  techniques.  Since  composites 
also  display  brittle-like  behaviour,  considerable  attention  has  been  devoted  to  extending 
the  existing  fracture  mechanics  methodology  to  include  anisotropic  homnyeneous/hetero- 
yeneous  materials. 

An  analytical  foundation  for  such  an  extension  was  established  by  Sih  et  al  [1]  who 
showed  that  the  crack  tip  stress  fields  in  anisotropic,  homogeneous,  Inf lnite  plates  exhibit 
d  singularity  of  the  form  and  that  a  stress  intensity  factor  K  canbe  defined  in  a 
manner  analogous  to  that  •  j^fropic  materials.  Due  to  anisotropy,  complex  mixed-mode 
displacement-loading  internee  ions  can  occur  but  were  shown  to  disappear  when  the  crack 
was  confined  to  a  principal  direct icn  of  the  composite.  Furthermore,  K  values  can  be 
related  to  the  Griffith  strain  energy  release  rate  '(»'  in  a  manner  similar  to  that  found 
tor  isotropic  materials. 

Most  work  to  date  has  concentrated  on  tensile  failure  mode  examinations  of  through¬ 
thickness  crack  propagation.  Wu  121  carried  out  an  extensive  experimental  study  on 
nn idirec tionul  Scotchply  and  found  that  fracture  mechanics  techniques  were  applicable  to 
splitting  fracture  parallel  to  the  fibet'B  in  both  puru  mode  1  tensile  opening  and  pure 
mode  II  forward  shear  loadings,  Konish  (31  and  Slepetz  and  Carlson  [4]  have  added 
further  experimental  evidence  to  the  general  usefulness  of  a  fracture  mechanics  approach 
to  composite  failure. 

A  number  of  rcsearchurs  have  also  deviated  '-om  the  classical  theory  of  fracture 
mechanics  in  order  to  hotter  explain  evidence  '  non- :,»'lf -similar  crack  growth  and  mixed 
mode  failure.  Sih's  (5]  theoretical  work  established  critical  crack  growth  conditions 
buseo  on  the  htraiu  energy  density  of  a  small  volume  of  material  in  the  vicinity  of,  but 
not  at,  the  crack  tip.  Wu  [61  proposed  a  sonic  .,-hai  similar  model  which  predicted  both 
the  critical  load  and  the  direction  of  crack  prop.. qat ion  when  a  stress  vector  surface 
intersected  a  generalized  material  failure  surf-  _*'•  The  latter  was  determined  at  some 
distance  away  from  the  crack  tip  utilizing  the  cenaur  polynomial  failure  criterion  and 
biaxial  test  data  for  the  unnotched  material.  Of  significance  is  the  fact  that  both 
these  treatments  are  limited  to  crack  propagation  in  the  matrix,  parallel  to  the  fibers 
in  unidirectional  material. 

The  application  of  any  failure  criterion  tor  composite  components  first  requires  a 
relatively  accurate  cvalu.it ion  of  the  stress  field.  This  is  not  at  all  a  trivial  task 
as  in  genera]  composite  failures  result  from  complex  three-dimensional  stress  stales  and 
the  materials  are  anisotropic.  Thus,  Atom  an  applications  point  of  view  It  seems  that 
the  assumption  of  laminate  homogeneity  must  be  made  and  this  assumption  has  been  deter¬ 
mined  to  be  reasonable  tor  cracked  structures  provided  that  the  elastic  crack  tip  sin¬ 
gularity  contains  a  sufficient  number  of  fibers  17).  In  addition  there  are  several 
other  aspects  of  the  probl.m  which  must  be  considered.  First,  is  the  failure  dominated 


14-3 


by  planar  or  three-dimensional  phenomena?  For  example,  if  delamination  is  a  predominant 
mode  of  failure  then  a  three-dimensional  analysis  is  a  necessity.  On  the  other  hand,  if 
the  failure  is  planar,  then  it  is  reasonable  to  approach  the  problem  from  a  conventional 
lamina-laminate  approach. 

The  second  aspect  relates  to  the  absence  or  presence  of  flaws.  In  this  regard  there 
are  basically  three  cases;  nominally  flaw  free,  sharp  flaws  (cracks,  delamination s}  and 
smooth  flaws  (circular  holes,  cutouts) .  The  failure  criterion  adopted  and  the  correspond¬ 
ing  stress  analysis  should  probably  address  each  of  the  above  situations  individually  as 
it  seems,  at  least  at  the  present,  that  it  is  not  possible  to  encompass  all  failure 
possibilities  using  a  single  failure  criterion. 

The  application  of  linear  elastic  fracture  mechanics  concepts  for  cracked  composite 
materials  was  discussed  previously.  In  order  to  provide  a  stress  analysis  capability  for 
this  situation,  a  sequence  of  singular  finite  elements  have  bean  developed  for  both  planar 
and  bending  situations  while  work  is  presently  progressing  on  a  three-dimensional  singular 
element.  In  Kefs.  8,  9a  singular  finite  element  was  derived  for  the  direct  calculation 
of  combined  modes  I  and  IT  stress  intensity  factors  for  planar  rectilinear  anisotropic 
structures  subject  to  arbitrary  planar  loading.  The  element  was  developed  based  on  a 
twelve-node  con\entional  element  which  incorporated  the  appropriate  r"i  singularity  as 
dictated  by  linear  elastic  fracture  mechanics  to  form  an  "enriched"  element.  These 
enriched  elements  are  located  about  the  crack  tip  as  shown  in  Fig.  2  to  form  a  macro¬ 
element  which  will  typically  be  contained  within  a  net  of  conventional  elements.  This 
formulation  has  been  tested  extensively  on  a  range  of  composite  material  properties  and 
specimen,  geometries.  Some  typical  test  geometries  are  shown  In  Fig.  3  while  typical 
results  for  the  evaluation  of  the  mode  I  stress  intensity  factor  for  an  orthotropic 
centre-cracked  rectangular  specimen  subjected  to  an  axial  load  are  shown  in  Fig.  4.  It 
is  noted  that  the  results  due  to  Bowie  and  Freese  [10)  to  which  the  present  formulation 
was  compared  are  taken  to  be  exact. 

A  second  development  of  interest  relates  to  a  singular  element  with  the  capability  of 
providing  modes  I,  II  and  III  stress  intensity  factors  for  composite  plates.  This  work 
[11]  makes  use  of  Mindlin  plate  theory  and  quarter-point  isoparametric  mapping  techniques 
to  provide  the  appropriate  r“S  crack  tip  singularity.  This  element  has  also  been  exten¬ 
sively  tested  and  Ref.  11  should  be  consulted  for  d*  tails. 

Finally,  for  three-dimensional  situations  work  is  piogreeBing  using  quarter-point 
elements.  Two  formulations  are  being  adopted.  One  it  based  on  a  fully  three-dimensional 
finite  element  while  the  second  involves  a  pseudo  three-dimensional  approach  based  on 
Ref.  12  which  allows  the  displacements  up  to  a  cubic  dependence  on  the  thickness  coor¬ 
dinates. 

Once  the  three-dimensional  stress  field  is  known,  it  would  appear  that  the  applica¬ 
tion  of  a  lamina  failure  criterion  would  be  appropriate,  at  each  'point*  or  'element' 
throughout  the  laminate.  Because  of  local  stress  concentrations,  one  would  presume  that 
failure  initiates  in  the  highest  stressed  region  and  progresses  through  the  laminate. 
However,  previous  analytical  and  experimental  studies  on  holes  and  cracks  [Refs.  13,  14) 
have  shown  poor  correlation  using  this  approach  and  recourse  to  'characteristic  distances', 
which  define  either  'evaluation  points'  or  'integration  intervals'  was  necessary.  These 
'characteristic  distances'  were  obtained  from  test  data  on  laminates  in  combination  with 
the  calculated  stress  fields. 

It  should  also  be  noted  that  environmental  effects  can  readily  be  taken  into  account 
by  measuring  the  change  in  the  constitutive  properties  (such  as  Bn,  E22*  Gl2*  vi2r  aTU  * 
ut22)  and  strength  parameters.  In  the  latter  case,  however,  one  requires  a  strength 
criterion  before  evaluating  the  appropriate  coef f icients .  Such  a  criterion  should  also 
include  three-dimensional  stress  effects  consistent  with  the  stress  analysis. 

An  alternative  method  to  that  involving  detailed  stress  calculations  coupled  with 
selected  laminate  strength  measurements  is  a  phenomenological  approach.  Assuming  a  given 
lamina  failure  criterion,  one  can  proceed  to  evaluate  the  strength  parameters  as  a  func¬ 
tion  of  flaw  size /plate  width,  flaw  location  and  environment.  Thus,  a  laminate  is  treated 
as  though  it  had  no  flaw  but  consisted  of  individual  lamina  having  strength  properties 
suitably  reduced  according  to  the  above  parameter o . 

Up  to  present,  th*  discussion  has  focussed  on  static  strength  predictions.  It  is  of 
interest  to  examine  if  these  methods  can  be  extended  to  predict  fatigue  failure  of  lamin¬ 
ates.  Previous  work  by  other  authors  [15-17]  has  shown  that  the  use  of  'fatigue  functions' 
based  on  simple  static,  quadratic  failure  relations,  can  yield  reasonable  correlation  with 
test  data  in  many  instances.  In  these  cases,  only  the  fatigue  strengths  under  tension- 
tension  and  shear  loading  were  required  ()I,  Y,  S)  although  a  delamination  effect  was 
included.  Similar  work  based  on  a  quadratic  Tsai-Hill  failure  criterion  has  also  been 
completed  [18,  19],  again  using  only  the  X,  Y  and  S  strength  parameters.  Although 
reasonable  comparisons  with  tjst  data  wer*  reported  in  Kef.  18  for  S-glaas/epoxy  (SP-250- 
SFl),  such  was  not  the  case  for  graphite/ ^poxy  (E  7B8/T300)  based  on  limited  results 
to  date  [191  .  However,  despite  the  disagreement,  it  is  felt  that  this  approach  should  be 
pursued  utilizing  an  improved  strength  criterion  in  combination  with  fatigue  functions 
derived  from  ten* Ion,  compression,  torsion  and  biaxial  load  tests. 

At  this  point,  it  is  worthwhile  providing  some  background  on  the  applications  relevant 
to  this  program.  It  is  well  known  that  the  combined  effects  of  moisture  anil  elevated 
temperature  can  seriously  degrade  the  strength  of  polymer  matrix  composite  materials. 
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This  is  particularly  true  for  epoxy  resin  systems  where  it  has  been  found  that  the  glass 
transition  temperature  is  significantly  affected  due  to  absorption  of  moisture.  When 
one  considers  the  composite  laminates  used  on  modern  fighters,  such  as  the  graphite/ 
epoxy  wing  skin  panels  on  the  CF-18  (F-18  Hornet)  for  example,  questions  arise  concerning 
their  strength  under  elevated  temperature-high  moisture  (i.e.,  hot-wet)  conditions.  This 
problem  is  compounded  by  the  thermal  spikes  that  arise  in  the  structure  during  supersonic 
flight.  One  parameter  that  has  aroused  serious  concern  is  the  compressive  strength  of 
such  laminates.  For  example,  from  a  design  viewpoint,  upper  wing  skin  panels  are  subject 
to  compressive  bending  loads  during  flight  Thus  it  is  of  prime  importance  to  understand 
the  extent  to  which  the  compressive  strength  (and  stiffness)  of  such  materials  is  affected 
during  exposure  to  specified  environments  such  as  the  'hot-wet'  case  and  by  the  presence 
of  interlaminar  flaws.  However,  the  significance  of  defects  on  these  compressive  proper¬ 
ties  has  received  little  attention  to  date.  Unlike  isotropic  materials,  composites  do 
possess  unique  failure  modes  in  compression  which  are  sensitive  to  certain  types  of 
defects.  One  of  these  judged  to  be  particularly  important  is  the  interlaminar  crack  or 
delamination  which  has  been  shown  to  occur  readily  under  low  energy  or  subcritical 
impact.  Russell  and  Street  [20)  consider  that  de laminations  will  be  amongst  the  most 
frequently  encountered  defects  due  to  the  relatively  low  fracture  energies  found  in 
their  experimental  program  investigating  ’opening'  and  'shear  mode'  failure.  Furthermore, 
this  is  likely  to  be  found  in  applications  such  as  the  CF-18  aircraft  where  approximately 
forty  percent  of  the  exposed  surface  area  is  graphite-epoxy  material.  A  similar  defect, 
the  skin-core  disbond,  is  also  expected  to  occur  due  to  impact  damage  on  honeycomb  sand¬ 
wich  components. 

Because  of  the  major  interest  of  the  Canadian  DND  in  the  fighter  program,  it  was 
decided  to  use  AS1/3501-6  graphite/epoxy ,  similar  to  the  skin  material  of  the  CF-18 
aircraft,  as  the  basis  for  this  investigation.  Furthermore,  the  quasi-isotropic  lamina¬ 
tion  consisting  of  (0,  ±45®,  90°) s  plies  was  employed  throughout  the  study.  The  major 
objective  of  the  program  is  to  develop  a  methodology  for  predicting  the  static  and 
fatigue  strengths  of  laminates  with  and  without  defects,  including  the  effects  of  moisture 
and  elevated  temperature.  Both  experimental  and  analytical  methods  are  being  examined 
with  pa> ticular  attention  to  a  finite  element  based  fracture  mechanics  approach  and  a 
modified  phenomenological  three-dimensional  tensor  polynomial  failure  criterion. 


2.  LAMINA  STRENGTH  CRITERION 


The  most  general  failure  criterion  available  for  unflawad  composite  materials  is  the 
tensor  polynomial  which  was  advocated  as  early  as  1966  by  Malmeister  [21)  and  developed 
extensively  by  Tsai  and  Wu  [22)  in  quadratic  and  higher  order  forms  [23) .  The  failure 
surface  in  stress  space  is  then  described  by  the  equation. 


Vi +  Wj  +  VkVA  + 


<  1  no  failure 
f(o)  ■  1  failure 

>  1  exceeded  failure 


(1) 


* 


for  i,  j,  k  ■  1...6.  Fjl t  Fj.j  and  are  strength  tensors  of  the  2nd,  4th  and  6th  rank, 

respectively . 


Plane  Stress  State 


If  one  restricts  the  analysis  to  a  plane  stress  state  and  considers  only  a  cubic 
formulation  as  being  a  reasonable  representation  of  the  failure  surface,  then  Eq.  (1) 
can  be  reduced  to  [171, 
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Simple  tension,  compression  and  shear  tests  will  yield  the  principal  strength  components 
which  are  defined  by 


The  remaining  Interaction  strength  parameters  can  be  determined  from  biaxial  streus 
tests  and  constraint  equations,  details  of  which  are  given  in  Ref.  23. 

At  this  point  it  is  reasonable  to  qua st ion  the  need  for  retaining  the  cubic  inter¬ 
action  terms.  It  has  been  found  that  in  certain  biaxial  load  cases,  these  terms  contri¬ 
bute  substantially  to  the  ultimate  strength  prediction.  For  example.  Fig.  5  illustrates 
the  calculated  failure  strength  for  (±0 symmetric  laminates  subject  to  varying  biaxial 
loads  <i  -  Nx/Ny,  Nxy  *  0)  and  Lie  corresponding  optimum  fiber  angles.  Included  in  this 
graph  is  the  'quadratic’  prediction,  based  on  setting  the  cubic  terms  to  zerc  in  Eq.  (2) 
It  car  readily  be  seen  that  large  differences  in  failure  loads  are  predicted. 

Limited  experimental  confirmation  of  ths  cubic  strength  criterion  was  obtained  from 
internal  pressure  tests  conducted  on  <±0)s  graphite/epoxy  tubes  [23].  A  comparison  of 
the  test  data  with  both  quadratic  *.nd  cubic  predictions  is  shown  in  Fig.  6.  It  is  clear 
that  agreement  with  the  cubic  model  is  quite  good  while  the  quadratic  formulation  sub¬ 
stantially  underestimates  the  strength,  particularly  in  the  optimum  fiber  angle  range. 


However,  it  should  be  emphasized  that  for  many  load  cases,  particularly  simple 
tension  and  compression,  little  difference  in  failure  loads  is  predicted  between  the 
quadratic  and  cubic  models.  This  feature  will  be  implemented  later  when  the  quadratic 
form  is  employed  to  analyse  samples  containing  circular  holes  as  well  as  predicting 
the  fatigue  strength  of  samples  subjected  to  uniaxial  cyclic  loads. 

Three-Dimensional  Failure  Criterion 

The  cubic  form  of  Eg.  (1)  for  a  three-dimensional  stress  state  presents  one  with  a 
virtually  intractable  problem  of  determining  the  multitude  of  interaction  coefficients. 
However,  for  laminate  stress  analysis  purposes,  the  simpler  quadratic  form  could  be 
readily  incorporated  to  predict  'element'  failure.  This  is  given  by, 

Vl  +  F2°2  +  F3°3  +  FU°12  +  F  2°22  +  F33°32  +  F44  <042  +  “s*1  +  F66°62 


2F12°1°2  +  2F13°1°3  +  2F23°2°3  ’  1 


where  odd  order  term:*  in  shoar  stress  have  been  set  to  zero  [22] . 


(4) 


3.  APPLICATION  OF  STRENGTH  CRITERION  TO  LAMINATES  WITH  HOLES 

Prior  to  undertaking  extensive  tests  on  laminates  with  interlaminar  flaws  in  order 
to  obtain  principal  strength  parameter  data,  it  was  decided  to  apply  this  methodology 
to  plates  with  holes  under  simple  loading  conditions.  This  stems  from  the  fact  that 
previous  investigators  [such  as  Refs.  13,  14]  have  shown  that  reasonably  good  correlations 
with  such  test  data  can  be  achieved  using  a  combined  fracture  mechanics  approach  and  the 
notion  of  'characteristic  distances',  as  described  earlier.  Note  that  this  latter  mathod 
also  relies  on  test  data  to  Bolve  for  the  'characteristic  distances'.  To  illustrate  the 
difference  between  this  technique  and  the  'all  experimental'  method,  a  flow  chart  com¬ 
parison  is  given  in  Fig.  7. 

This  phase  of  the  program  involved  a  series  of  tension  tests  on  off-axis  (8)  and 
angle-ply  (±0)  glass/epoxy  laminates  (3M,  1003)  containing  circular  holes  with  d/W  -  0.15, 
0.25  and  0.40.  Two  or  three  replicates  were  tested  for  varying  values  of  0  for  both 
laminate  configurations,  the  results  of  which  are  presented  in  Figs.  8  and  9.  Note  that 
'first  failure'  wae  taken  as  the  laminate  'strength'  value.  This  is  consistent  with  the 
tests  conducted  on  0°  and  90°  laminates  to  determine  both  the  tensor  polynomial  parameters 
and  the  'characteristic  distances'  used  in  the  'point  stress'  calculations.  Ab  noted  in 
Figs.  0  and  9,  the  predicted  curveB  are  baaed  on  'point  stress'  calculations  of  the 
strength  parameters  for  varying  d/W.  In  Fig.  10,  the  curves  were  obtained  from  the  experi¬ 
mentally  determined  strength  coefficients  for  d/W  -  0.25  [given  in  Table  I) .  One  can 
readily  see  that  both  methods  are  in  good  agreement  with  test  data. 


4 .  APPLICATION  OF  STRENGTH  CRITERION  TO  FATIGUE  LIFE  PREDICTION 


Let  us  assume  that  the  fatigue  life  equation  can  be  expressed  in  the  same  form  as  the 
tensor  polynomial  failure  criterion  [Eq.  (1)3.  However,  in  this  case,  the  fatigue 
strength  parameters  are  not  constants,  but  rather  are  functions  of  the  frequency  of 
loading  (n)  ,  the  number  of  cycles  (N)  and  the  stress  ratio  R  -  °min/(  axr  i*e,,  F*F(n,  N,  R). 
The  stresses  in  Eq.  (1)  shall  be  regarded  as  the  maximum  cyclic  prim  pal  lamina  stresses. 


Under  simple  loading  conditions  when  n  and  R  are  constants,  then  the  fatigue  strength 
parameters  are  only  a  function  of  the  number  of  cycles,  N.  As  stated  earlier,  the  quad¬ 
ratic  formulation  provides  good  strength  predictions  for  such  load  cases  as  uniaxial 
tension  and  compression.  Consequently,  for  this  limited  set  of  conditions,  which  are 
typical  in  fatigue  tests,  then  the  fatigue  strength  functions  necessary  to  characterize 
a  lamina,  are  given  by, 
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To  determine  the  remaining  quadratic  interaction  term  would  require  a  biaxial  fatigue 
test.  However,  for  non-biaxial  loading,  it  has  been  found  that  F^2  contributes  little 
to  the  static  strength  prediction.  In  any  case,  fatigue  tests  must  be  conducted  on  0°  and 
90°  samples  for  given  K  values  to  determine  the  fatigue  functions  contained  in  Eqs.  (5) . 
This  involves  tension  and  compression  fatigue  tests  in  both  the  fiber  (1)  and  transverse 
(2)  directions,  as  well  as  pure  shear  in  the  1-2  plane. 


5.  DESCRIPTION  OF  TEST  PROGRAM 

5.1  Ambient  Fatigue  Tests  -  'Unflawed'  Specimens 


At  the  outset,  it  was  decided  that  to  minimize  bending  stress  effects,  a  sandwich 
beam  sample  would  be  employed  to  determine  static  and  fatigue  tensile  and  compressive 


strength  properties  in  the  fiber  (1)  and  transverse  (2)  directions.  Using  a  four-point 
load  system  and  thin  laminates,  a  relatively  uniform  in-plane  stress  field  can  be  achieved 
in  a  central  test  section.  Shear  fatigue  data  are  currently  being  generated  using  cir¬ 
cular  tubes  mounted  in  a  torsion  fixture. 

As  noted  earlier,  the  primary  material  under  consideration  is  graphite /epoxy  prepreg 
tape  (Hercules,  AS1/3501-S)  requiring  a  350  °F  cure  temperature  at  ^  85  psig.  Flat  sheets 
of  11"  x  24"  were  initially  laid  up  and  then  cut  into  samples  1"  wide  *  22"  long.  These 
strips  were  then  bonded  to  aluminum  honeycomb  core  of  1/8"  cell  size  (Hexcell,  1/8  -  5052  - 
0.003)  using  FM  300  adhesive  with  BR  127  primer  (American  Cyanimid  Co.).  Details  on  the 
fabrication  and  testing  procedures  can  be  found  in  Refs.  24  and  25. 

To  accommodate  fatigue  testB  using  a  four-point  beam  bending  set-up,  a  special  load 
fixture  was  designed  and  fitted  to  a  Sonntag  SF-IU  fatigue  machine  (see  Fig.  11)  which 
provided  30  Kz  sinusoidal  excitation.  It  was  observed  from  bonded  thermocouples  that  the 
specimen  surface  temperature  reached  an  equilibrium  value  about  10 °F  above  ambient  at  this 
frequency. 

A  'pure'  compression  fixture  similar  to  that  of  the  IITRI  design  was  also  constructed 
to  provide  both  static  and  fatigue  data  comparisons.  Figure  12  illustrates  the  set-up 
for  a  short  coupon  with  aluminum  end  tabs. 

5.2  Flaws  and  Environmental  Testing 

Flaws 

To  provide  specified  delaminations.  Tot  ion  discs  were  inserted  either  into  the  lamin¬ 
ate  or,  for  the  case  of  sandwich  beams,  at  the  laminate-core  interface.  The  purpose  was 
to  obtain  static  and  fatigue  strength  data  as  a  function  of  flaw  size  and  location. 

Two  environmental  parameters  were  investigated  —  temperature  and  moisture  absorption. 

Moisture  Control  Specimens 

Two  sets  of  control  specimens  corresponding  to  different  test  sample  thicknesses  were 
used  to  provide  a  measure  of  the  moisture  content  in  both  the  sandwich  beams  and  pure 
compression  coupons.  In  addition,  to  study  the  effect  of  the  bonded  composite  face  sheet, 
each  beam  specimen  had  two  controls;  one  being  a  'plain'  unprotected  composite  coupon, 
the  other  having  thin  aluminum  foil  bonded  to  one  side  with  the  honeycomb/ facing  adhesive. 

The  control  samples  were  subjected  to  the  same  environmental  conditions  as  the  speci¬ 
mens  for  which  the  moisture  content  was  evaluated. 

Environmental  Chamber 

An  environmental  chamber  was  designed  to  provide  controlled  elevated  temperature  and 
humidity  levels  for  in-situ  compression  testing  (Fig.  13) .  This  chamber  was  constructed 
from  aluminum  sheets  which  were  welded  to  form  the  box  structure.  A  pair  of  heating 
coils  were  attached  to  the  lower  surface  of  the  chamber  to  provide  the  appropriate  test 
temperatures.  Saturated  moisture  conditions  were  obtained  by  boiling  distilled  water  in 
the  chamber  during  testing.  Instrumentation  leads  (strain  gauges  and  thermocouples)  were 
passed  through  the  chamber  lid  opening  and  connected  to  a  Vi shay  automatic  strain  record¬ 
ing  system  and  an  X-Jf  plotter. 

A  support  fixture  was  constructed  within  the  chamber  to  test  standard,  22  inch  long, 
four-point  beam  bending  specimens.  Each  of  the  load  application  points  on  the  beams 
consisted  of  one  inch  square  pads  which  were  designed  to  provide  simple  support  boundary 
conditions  (Fig.  14). 

Environmental  Conditioning 

Specimen  Dry-Out 

To  eliminate  any  initial  moisture  content,  ail  specimens  were  subjected  to  a  drying- 
out  period  of  six  days  at  200 “F  and  a  pressure  of  about  10~6  torr. 

During  the  dry-out,  the  temperature,  total  pressure  and  partial  pressures  of  the 
various  constituents  in  the  vacuum  chamber  were  monitored.  Based  on  mass  spectrometer 
data  it  was  determined  that  water  vapour  was  the  dominant  species  of  the  outgassing 
products.  Thus,  when  the  outgassing  conditions  in  the  vacuum  chamber  stabilized  after 
about  three  days,  it  was  concluded  that  the  test  specimens  were  essentially  devoid  of 
water  moisture. 

The  percent  moisture  loss  was  found  by  weighing  the  control  specimens  before  and 
after  being  subjected  to  the  dry-out.  The  average  mass  loss  for  8-ply  specimens  without 
backing,  8 -ply  specimens  with  aluminum  backing  and  16-ply  specimens  without  backing  was 
0.13%,  0.10%  and  0.008%,  respectively. 

Water  Bath  Soak 

A  subset  of  apuciu'iens  to  be  tested  with  high  moisture  contents  were  subjected  to  a 
long  terra  water  bath  soak  In  an  attempt  to  reach  saturation  levels.  Several  control 
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specimens  were  weighed  periodically  during  the  i  to  obtain  the  rate  of  mass  gain.  Of 
all  the  specimens,  the  control  samples  with  a  bacJ  i.ng  absorbed  more  moisture  than  the 
other  specimens.  This  can  be  explained  by  noting  that  the  adhesive  also  absorbs  moisture. 

Thermal  Spikes 

Each  specimen  selected  for  thermal  spike  testing  was  first  exposed  to  the  long  term 
soak  and  then  subjected  to  ten  spikes  over  a  period  of  five  days.  The  'spikes'  were 
obtained  by  placing  each  specimen  in  the  e nvir owner tal  testing  chamber  along  with  a  small 
amount  of  water.  The  chamber  was  then  heated  at  which  point  the  temperature  rose  to  the 
boiling  point  where  it  stabilized  until  the  water  was  completely  vapourized.  The  temper¬ 
ature  then  rose  to  about  3D0*F,  after  which  the  heat  was  turned  off  and  the  chamber 
allowed  to  cool.  This  procedure  ensured  a  very  humid  atmosphere  and  thus  the  moisture 
loss  from  the  specimen  was  minimized.  A  typical  temperature-time  profile  is  shown  in 
Fig.  15. 

6.  SUMMARY  OF  RESULTS 

6,1  Ambient  Fatigue  Tests  —  'Unf.lawed*  Specimens 

Up  to  present,  fatigue  functions  have  been  obtained  only  for  0°  tension  and  compres¬ 
sion,  the  results  of  whi<  h  are  presented  in  Figs.  16,  17  for  R  *  0.05  and  20,  respectively. 
Note  that  after  ^10^  cycles,  the  fatigue  test  was  terminated  and  the  specimen  statically 
tested  to  failure.  It  was  observed  that  only  about  a  10%  reduction  in  strength  occurred 
(relative  to  the  N  1/2  value) . 

based  on  least  squares  fit  to  these  data,  the  following  fatigue  functions  were  de¬ 
rived: 


0.918  X  N 


0.972  X'N 


Although  it  is  premature  at  this  stage  of  the  program  to  apply  the  strength  criterion  for 
fatigue  predictions,  one  can  illustrate  the  methodology.  For  example,  assume  the  remain¬ 
ing  fatigue  curves  associated  with  shear  and  transverse  tension  and  compression  loading 
have  the  same  general  form  as  Eq .  (6).  Based  on  the  manufacturer's  specified  static 
strength  values  of  Y  *  9.5  KSI,  Y*  *  38.9  KSI,  S  -  17.3  KSI,  one  can  then  obtain  the 
following  fatigue  functions: 

v  „  ,«4  ..-0.0462  v,  _  ,,  ,Q  v  ,n4  -0.0348 


8 .72  *  103  N'0,0462 


23.18  *  10' 


37.81  x  103  iT0,0348 


SD‘-  16.3,  x  103  N-°-U405 

These  valueB  are  then  substituted  into  the  quadratic  form  of  Eq.  (2)  and  the  fatigue  life 
equation  plotted  for  any  laminate  configuration.  Note  however  that  this  analysis  must  be 
applied  to  each  lamina  to  determine  which  ply  (or  plies)  fail  first  in  fatigue.  Assump¬ 
tions  must  then  be  made  regarding  the  residual  laminate  stiffness,  and  Eq.  (2)  is  sub¬ 
sequently  applied  to  the  remaining  plies  until  overall  laminate  failure  occurs.  One 
conservative  approach  that  can  be  employed  is  to  remove  the  failed  plies  entirely  when 
re-calculating  the  modified  laminate  stiffness  and  corresponding  lamina  stresses. 

To  demonstrate  this  method,  the  compressive  fatigue  curve  for  a  (0,  ±45,  90 )B  laminate 
was  calculated  with  the  predicted  S-N  curve  being  shown  in  Fig.  18  together  with  test  data 
obtained  from  the  sandwich  beam  samples.  As  noted  earlier,  it  is  premature  to  make  such 
comparisons  with  confidence,  however,  the  favourable  agreement  provides  sufficient  impetus 
to  warrant  continued  study. 

6.2  Effect  of  Flaws  and  Environment  on  the  Compressive  Static  Strength 

It  was  observed  over  the  course  of  this  investigation  that  the  static  strength  values 
varied  not  only  with  material  batch  (A15%> ,  but  with  manufacturing  method  «£  well.  Al¬ 
though  the  cure  procedure  was  maintained  constant,  expediency  led  to  fabrication  of 
prepreg  laminate  sheets  fro.  which  the  samples  were  cut.  Earlier  work  involved  the 
individual  preparation  of  the  strip  samples.  Interestingly  enough,  the  former  method 
yielded  specimens  having  substi  ntially  higher  strengths,  although  the  stiffness  remained 
the  same.  Thus,  the  teBt  data  described  in  tha  following  sections  have  Lean  normalized 
by  the  average  static,  ' unflawed ‘ ,  ambient  strength  values  (a*)  which  are  listed  in  the 
appropriate  tables  and  graphs.  Again,  it  should  be  noted  that  both  sandwich  beam  and 
coupon  samples  were  studied,  the  results  of  which  are  summarized  in  Tables  2  and  3, 
re spectively . 

The  effect  of  mid-laminate  flaw  size  is  shown  in  Figs.  19-21  for  ambient,  hot-wet  and 
thermal  spike  conditions,  respectively.  In  some  cases,  local  delamination  produced 
buckling  failures  prior  to  ultimate  fracture  of  the  laminate  (see  Fig.  22,  for  example). 


♦Based  on  average  numerical  coefficients. 
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6.3  Effect  of  Flaw  Size  on  Ambient  Compressive  Fatigue  Strength 

Table  4  presents  a  summary  of  the  compression  sandwich  beam*  fatigue  tests,  the  results 

of  which  are  shown  in  Fig.  23.  Note  that  the  stress  levels  have  also  been  normalized  by 

o*.  One  interesting  observation  was  that  the  fatigue  failure  modes  corresponded  to  the 

equivalent  static  failure  modes  for  a  given  flaw  size. 

7 .  CONCLUSIONS 

(a)  There  is  reasonable  cause  to  conjecture  at  this  time  that  the  tensor  polynomial 

failure  criterion  can  be  modified  to  incorporate  ’fatigue  functions*  which  will  permit 
preliminary  estimates  of  fatigue  life  to  be  made  for  a  given  material  laminate  under 
uniaxial  load  conditions. 

<b)  The  application  of  the  tensor  polynomial  failure  criterion  to  the  strength  analysis 
of  laminates  with  holes  has  been  shown  to  provide  the  same  degree  of  correlation  with 
teat  data  as  the  method  of  'characteristic  distances'.  Both  approaches  work  well  for 
uniaxial  loading  but  insufficient  evidence  exists  for  biaxial  load  cases. 

(c)  It  is  proposed  at  this  point  in  time  to  incorporate  the  quadratic  form  of  the  tensor 
polynomial  failure  criterion,  including  three-dimensional  stress  components,  into  a 
finite  element-fracture  mechanics  analysis  t.o  treat  the  problem  of  laminates  with 
flaws. 

(d)  Elevated  temperature  (^212 °F)  combined  with  the  'dry'  state  produces  no  significant 
change  in  compressive  stiffness  or  strength  relative  to  the  ambient  values. 

(e)  Elevated  temperature  (,*210#F)  combined  with  high  moisture  content  (~1.7%  HaO)  results 
in  no  significant  change  in  compressive  stiffness  but  a  large  reduction  in  compression 
strength  (21%  ^  43%),  relative  to  ambient  state  values. 

(f)  The  superposition  of  ten  thermal  spikes  (up  to  300°F)  in  combination  with  high  moisture 
content  (^1.6%  11,0)  produces  a  small  increase  in  compressive  stiffness  and  strength 
relative  to  the  elevated  temperature  values  obtained  without  thermal  spikes.  However, 
the  strength  is  still  substantially  below  the  ambient  state  value. 

(g)  The  sandwich  beam  test  method  yields  compressive  stiffness  values  consistently  higher 
than  the  'pure'  compression  data  for  all  environmental  conditions  studied. 

(h)  High  moifcture  content  (estimated  at  >  1.7%)  affects  the  failure  mode  under  ntatic 
compressive  loading.  Both  test  methods  showed  delaminatlon  as  being  the  primary  mode 
for  high  moisture  content. 

(i)  Buckling  occurs  for  large  delamination  flaws,  relative  to  the  specimen  dimensions. 

This  phenomenon  can  be  predicted  reasonably  well  [Ref.  25]. 

(j)  Small  interlaminar  flaws  caused  a  reduction  in  compression  strength,  probably  due  to 
interlaminar  stresses  near  the  flaw. 

(k)  The  endurance  strength  in  fatigue  was  relatively  unaffected  by  the  presence  of  delam¬ 
ination  flaws. 
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Table  1.  Comparison  of  Principal  Tensor  Polynomial  Strength  Parameters 
far  Glass/Epoxy  Material  (3Mr  10031 


Strength  Parameters 

Case 

FI 

(KSI)"1 

Fll 

(KSI)'2 

F2 

(KSI)*1 

F22 

(KSI)-2 

F66 

<KSI}“2 

No  hole 
(d/W  ■  0) 

-3.076*10"3 

9.398*10"5 

2.344X10-1 

2.270X10-2 

2.142*10"2 

d/W  =■■  0.25 
Experiment 
only 

-8.013*10"3 

4 ,045“10"4 

0.382 

6.C30X10"2 

8 .000x10~2 

d/W  -  0.25 

Point  stress 
-characteristic 
distance*  from 
tests 

-b.52Q*lu"3 

3.397*10"4 

0.386 

7.500*10"2 

B.300*10'2 

*eT  -  0.07",  lQ  -  0.09",  is  -  0.10". 


Table  2.  Static  Sandwich  Baam  Tests  -  Summary  of  Averaged  Results 


Condition 

Flaw 
Diameter 
(in)  _ 

1 

(*l0°psi) 

|  |  (ksi) 

*c 

Buckl Ing 

|o“  |(k»i) 
xc 

Ultimate 

b 

°xc/°* 

u  , 
xc/°* 

7  5  8  F  t 

1981 

0»,  HaO-Sirip 

7.34 

66.2 

1.00 

758F, 

1982 

0»  Hft O-Strip 

7.53 

76.4 

1.00 

758F, 

1982 

Ot  Ha  O-Sheet 

7.41 

111.9 

1.00 

758F, 

1982 

0»  H, O-Sheet 

5/32 

Mi<2 

6.78 

102.9 

0.92 

758F, 

1982 

0*  Ha  O-Sheet 

1/4 

Hid 

6.84 

96.4 

0.86 

75”F, 

1982 

0%  Ha 0- Sheet 

3/8 

Hid 

6.78 

65.8 

70.6 

0.59 

0.63 

/5*F, 

1982 

0%  Ha O-Sheet 

1/2 

Mid 

7.19 

55.3 

58.5 

0.49 

0.52 

75°F 

1982 

0%  Ha O-Sheet 

3/4 

Mid 

7.45 

20.9 

49.6 

0.19 

0  .44 

758F, 

1982 

0%  H, O-Sheet 

1/2 

Bond 

7.39 

105.5 

0.94 

758F, 

1982 

0%  Ha O-Sheet 

3/4 

Bond 

7.20 

109.5 

0.98 

75°F, 

1982 

0»  H, O-Sheet 

1/2 

Outer 

0.70 

88.0 

0.006 

0 .79 

212 °F, 

1981 

-.05%  Ha O-Strip 

6.96 

73.7 

i.ii 

2  0  9  0  F , 

1981 

1.69%  Ha O-Strip 

6.91 

52.6 

0.80 

212°F, 

1982 

1.67%  Ha O-Sheet 

1/4 

Mid 

7.25 

70.0 

0.63 

2128F, 

1982 

1.63%  Ha o-Sheet 

1/2 

Mid 

6.87 

36.4 

46.4 

0.33 

0.41 

212  °F , 

1982 

1.62%  Ha O-Sheet 

1/2 

Outer 

0.8 

58.7 

0.007 

0.52 

210*F, 

1981  1.39%  Ha O-Strip 
Thermal  Spikes 

7.14 

55.5 

0.84 

212  °F 

1982  1.09%  H, O-Sheet 
Thermal  Spikes 

1/4 

Mid 

7.79 

71.8 

77.5 

0.64 

0.69 

2124'F, 

1982  1.12%  Ha O-Sheet 
Thermal  Spikes 

1/2 

Hid 

6.14 

Not 

Heasured 

40.5 

Not 

Measured 

0.36 

Table  3.  Static  Coupon  Tests  —  Summary  of  Averaged  Resulto 


Condition 

Flaw 

Diameter 

(in) 

E*c 

<*106pai) 

i»5ci 

(kei) 

Buckling 

Kit' 

(ksi) 

Uncorrected 

Kiti 

(k.l) 

Corrected' 

b 

°*c 

a* 

-Sit 

0* 

75*F 

19C1 

.022%  Ha 0 
Strip 

7.00 

69.0 

74.7 

1.00 

75'F 

1982 

0%  H , 0 
Sheet 

7.18 

88.3 

92.5 

1.00 

75*F 

1902 

0%  H , 0 
Sheet 

1/4 

0.14 

68.6 

73.5 

0.7  9 

2iin- 

1981 

.001%  HaO 
Strip 

6.72 

66.1 

72.2 

0.97 

210*F  1 

1981 

.75%  Ha  0 
Sheet 

6.93 

41.3 

42.8 

0.57 

2 1 2  •  F  1 

,1982 

.61%  H,0 
Sheet 

7.25 

42.8 

46.0 

0.50 

212*F  1 

1902 

.59%  Ha 0 
Sheet 

1/4 

7.30 

25.4 

42.6 

0.27 

0.46 

210"F  1 

Thermal 
1981 

.81%  Ha  O 
Spikes 
Strip 

7.28 

49.8 

53.3 

0.71 

2 1 2  *  F  1 

Thermal 
1982 

.59%  11,0 
Spikes 
Sheet 

1/4 

6.58 

30.9 

59.9 

0.33 

0.65 

^Corrected  for  bending  stresses. 
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Table  4.  beam  Fatigue  Testa  -  Experimental  Results 


1  n  1 

°min 

Number  of 

1  ,4  1 

°ult 

Spec . 
No . 

'  min ' 
(ksi) 

°‘“a 

R 

Cycles  to 
Failure 

qmln 

"a*“ 

1  ult1 
(bell 

ault 

"a* 

24 

52.6 

0.69 

43 

727 

0.69 

25 

45.5 

0.60 

59 

7,879 

0.60 

2B 

29 

39.0 

4  G  .  6 

0.51 

0.61 

71 

20 

7,165, 0001 
46,250 

0.51 

0.61 

44.1 

0.58 

0  .58 

Unflawed  strip 

30 

42.7 

0.56 

20 

15,315 

0.56 

31 

38.4 

0.50 

20 

1,705,000 

0.50 

47 

56.0 

0.50 

20 

100,000 

0.50 

Unflawed 

57 

58.6 

0.52 

20 

105,000 

0.52 

EE 

53.3 

0.55* 

0.6Bb 

20 

262,000 

0.48 

FF 

53.3 

0 . 55a 

0 .68b 

20 

144,000 

0 .48 

GG 

61.5 

0.64* 

0.79b 

20 

44,636 

0.55 

1/4"  mid-lam  flaw 
near  edge 

1UI 

57.0 

0.59* 
0.7  3b 

20 

477,060 

0.51 

II 

68.9 

0.72* 

0.88b 

20 

2,197 

0.62 

vv 

56.0 

0.58 

20 

88,000 

0.50 

YY 

zz 

51.1 

bO.O 

0.53 

0.62 

20 

20 

121,360 

28,180 

0.4b 

0.54 

1/4"  mid-lam  flaw 

AA2 

55.0 

0.57 

20 

188,000 

0.47 

I 

53.4 

0.91 

20 

16,633 

0,48 

J 

33.4 

0,57 

20 

9,CB0,0001 

0.30 

63.2 

i  .08 

0.5b 

K 

45.1 

0.77 

20 

2,447,00c1 

0.40 

61.3 

1.05 

0.55 

1/2"  mid-lam 

I. 

53.5 

0.92 

20 

288,000 

0.48 

M 

52.7 

0.90 

20 

851,000 

0.4  7 

N 

49.3 

0.04 

20 

575 

0.44 

45 

68.3 

0.65 

20 

14,212 

0.61 

4b 

bB .  3 

0.65 

20 

10,633 

0.61 

49 

58.6 

0.56 

20 

371,482 

0.52 

1/2"  bond  line 

50 

58.6 

0.56 

20 

816,820 

0.52 

58 

63.5 

0.60 

20 

96,000 

0.57 

62 

63 

58.6 

53.7 

0.54 

0.49 

20 

20 

52,757 

437,24" 

0.52 

0.48 

3/4"  t>ond  line 

1 Specimen  did 

not  fail 

under  fatigue 

loading 

test 

terminal  inn  c 

yc*l«*s  shown. 

a°ultB  used  was  that  for  centred  flaw. 
baujt||  used  was  that  for  flaw  near  edge. 

o*  °ult  amb^anb  unflawed  average  for  the  batch  and  rumufactui inq  method  used. 

aultB  °ult  stat*c  average  for  environment  and  f 1  tv  condition,  batch  and  manu f act ar ing 
method  used. 


TENSILE  FAILURE  STRESS  ( KSI ) 


31 


FIBER  ANGLE 


FIG.  11  FATIGUE  TEST  SET-UP  USING  SANDWICH  BEAM 
UNDER  FOUR-POINT  LOADING. 


FIG.  13 


FIG.  12 

IITRI  COMPRESSION  FIXTURE  FOR  COUPON  TESTS 
(STATIC  AND  FATIGUE  LOADING) . 


FIG.  14 


ENVIRONMENTAL  CHAMBER  FOR  STATIC  TESTING 


VIEW  OF  SANDWICH  BEAM  MOUNTED  ON  SUPPORT 
PTX'ptio*  IN  ENVIRONMENTAL  CHAMBER. 
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Fig  21  STATIC  COMPRESSIVE  STRENGTH  »«.  FLAW  SIZE 
UiO-lAMIMAfE  FLAW.  THERMAL  SPIKE  CONDITION 
SANDWICH  SEAM  SPECIMENS 


Fiq.  23  COMPRESSIVE  FATIGUE  STRENGTH 
SANDWICH  BEAM  SPECIMENS,  AMBIENT  CONDITION 
NORMALIZED  WRT  UNFLAWEH  DRY  STATIC  ULTIMATE  STRENGTH 


>  Ult  flawed  19fl2  Sheet  Method. 

)  Uh flowed  190?  Strip  5fctho>' . 

I  l/li  Inch  Flew, 

>  1/1*  Inch  Kid-LiueliiMtv  Flew  {Hear  IX^r) 
k  1/2  Inch  Nld*L»nlnate  Flew, 

k  1/2  Inch  3o«id  Line  *1  tv, 

»  3 /*•  Inc1-  Ikwid  Line  Hew, 


»  Hi. 9  k3I 

-  Tfi.h  K3T 
*  30.1.9  K5I 

-  111. 9  K3I 

-  ill, 9  KSI 

-  111.9  X31 

-  111.9  fcJI 


(ep)  Static  Ultiaste 
*•  Did  Bot  Fell 


10° 


10* 


10*  10*  10 

CYCLES  TO  FAILURE 


107 
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FRACTURE  MECHANICS  OF  SUB LAMINATE  CRACKS  IN  COMPOSITE  LAMINATES 


A,  S.  D.  Wang 
Drexel  University 

Department  of  Mechanical  Engineering 
Philadelphia,  PA  19104 


SUMMARY.  J This  paper  presents  an  overview  of  a  fracture  mechanics  approach  to  some  of  the  most 
frequently  encountered  matrix-dominated,  sub-laminate  cracks  in  epoxy-based  composite  laminates. 
By  ^sub-laminate",  it  is  meant  that  the  cracks  are  internal  to  the  laminate,  generally  invisible 
macroscopically;  but  are  much  larger  in  size  than  chose  microcracks  considered  in  the  realm  of 
micromechanics.  The  origin  of  sub-laminate  cracks  is  assumed  to  stem  from  the  coalescence  of 
natural  material  flaws  (also  microcracks)  which  occur  under  a  ctulaxn  favorable  laminate  stress 
condition.  Thus,  the  modelling  of  the  mechanisms  of  sub-laminate  crack  Initiation  and  propaga¬ 
tion  is  essentially  mechanistic  and  probabilistic  in  nature.  Some  specific  results  from  several 
analytical/experimental  investigations  using  graphite-epoxy  laminates  are  presented  and  dis¬ 
cussed  in  this  paper. 


INTRODUCTION 

Failure  mechanisms  in  structural  composite  laminates  have  been  viewed  at  several  dimensional  levels. 
Consider,  for  instance,  the  curved  laminated  panel  shown  in  Figure  1(a).  Failure  of  this  structural 
component  may  be  caused  by  a  loss  of  the  global  atlffne&u  when  the  applied  load  reaches  a  certain  critical 
value.  To  describe  analytically  the  associated  failure  mechanisms  and  hence  to  determine  the  critical 
load,  structural  mechanics  methods  such  as  buckling  and  post-buckling  theories  are  employed,  which  relate 
the  change  of  the  structural  geometry  to  the  applied  load.  In  this  type  of  analysis,  the  stiffness  of  the 
laminated  panel  and  the  kinematics  of  its  displacements  are  among  the  most  predominant  factors, 

On  the  other  hand,  the  same  panel  may  fall  due  to  a  loss  of  strength  at  a  local  defect;  for  example, 
at  a  bolt-hole,  Figure  1(b).  In  this  case,  rupture  of  material  will  begin  at  the  hole  and  may  propagate 
into  a  large  crack  whenever  a  certain  load  condition  Is  reached.  But  in  order  to  define  the  conditions 
for  rupture  initiation  and  propagation,  a  knowledge  of  the  actual  stress  field  around  the  hole,  and  the 
physical  mechanisms  of  the  material  rupture  process  Ib  essential.  To  this  end,  it  will  be  necessary  to 
focus  further  on  the  local  defect  area  at  a  much  smaller  dimensional  level.  As  illustrated  in  Figure  1(c), 
for  Instance,  the  lamination  details  of  the  panel,  such  as  layer  interfaces  and  the  stacking  sequence  are 
now  identifiable.  Consequently,  quantities  of  size  comparable  to  the  layer  thickness  become  important; 
the  influence  of  an  interface  defect  (i.c.  delamination),  a  trails laminar  crack,  a  fiber  split,  etc.  are 
new  factors  to  be  considered.  For  it  is  believed  that  the  development  of  rupture  around  the  hole  is  pre¬ 
cipitated  by  these  sub-laminate  cracking  activities,  any  failure  analysis  performed  at  this  dimensional 
level  must  first  address  the  individual  mechanisms  of  the  various  sub-laminate  cracks,  and,  then  their 
interaction  and  coalescence  mechanisms  when  they  occur  simultaneously  and/or  sequentially. 

It  is  well  known  that  the  formation  and  propagation  mechanisms  of  a  crack  are  governed  by  the  condi¬ 
tions  that  e>  1st  in  the  close,  vicinity  of  the  crack  front.  In  the  case  of  the  sub-laminate  cracks  men¬ 
tioned  above,  further  focusing  of  the  crack  front  region  will  reveal  the  microstructure  of  the  composite 
system,  Figure  1(d).  H^re,  a  clear  distinction  can  be  made  between  the  fiber  and  the  matrix  phases  of 
the  material.  At  thas  dimensional  scale,  one  also  finds  a  random  distribution  of  material  microflaws,  be 
it  voids,  broken  fibers,  matrix  crack,  debonded  fiber-matrix  interfaces,  just  to  mention  a  few,  see 
Figure  1(e) . 

Although  tlie  Inherent  micro  flaws  are  small  in  size,  usually  on  the  order  of  the  fiber  diameter,  they 
may  behave  as  local  Btress  risers  under  the  applied  load.  When  a  certain  local  condition  is  reached,  the 
microflaws  interact  and  coalesce  to  form  an  actual  crack,  much  larger  in  size,  and  identifiable  at  the 
sub-laminate  level.  Hence,  a  proper  analysis  of  the  mechanisms  must  be  capable  of  delineating  the  indi¬ 
vidual  behavior  of  the  various  types  of  stress  risers,  and  their  Interactions  when  one  is  located  close  to 
another.  All  these  depend  profoundly  on  the  pro¬ 
babilistic  nature  of  the  microflaws  In  terms  cf 
their  Bize,  location  and  density  distributions. 

The  physical  process  of  material  failure  as 
portrayed  in  the  proceeding  discussions  is  seen  to 
span  a  wide  r«nge  of  dimensions.  Though  the  en¬ 
tire  process  is  essentially  one  continuous  event, 
failure  analysis  could  be  conducted  only  within 
isolated  dimensional  regimes.  As  illustrated  in 
Figure  L,  the  entire  dimensional  spectrum  is  sepa¬ 
rated  roughly  Into  three  analysis  regimes,  namely 
the  structural  mechanics,  the  macromechanics  and 
the  microraechanica  regimes.  Within  each  analysis 
regime,  the  material  failure  process  involves  a 
distinct  set  of  material  and  geometrical  para¬ 
meters  . 

Analytical  and  experimental  treatments  un 
laminate  failure  at  the  structural  mechanics  level 
have  generally  been  approached,  using  the  classi¬ 
cal  lamination  theory  (see  [1]).  StiffneSB- 
predominant  structural  responses  such  as  panel 


MACROMKCHAMCCt 


MICRO  MCM  ANICS 


Figure  1  Dimensional  Regimes  of  Failure  Analysis  in 
Composite  Materials 
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buckling  and  post-buckling  have  bean  successfully  analyzed  [2],  The  effect  of  local  material  damage  (e.g. 
from  a  bolt-hole,  a  delamination  caused  by  impact,  etc.)  upon  the  global  response  can  also  be  evaluated 
[3].  But,  a  more  detailed  description  about  the  damage  formation  and  propagation  mechanisms  always  re¬ 
quired  separate  treatment. 

For  a  class  of  epoxy-based  composite  laminates,  e.g.  graphite-epoxy  systems,  material  damage  mechan¬ 
isms  around  a  bolt-hole  or  near  the  tip  of  a  line-notch  have  been  modeled  by  an  empirical  formulae  which 
is  derived  from  the  classical  fracture  mechanics  for  structural  metals  [4  -  6] .  Essentially,  the  notched 
laminate  is  regarded  as  a  2-dimensional  body,  and  the  crack  growth  from  the  notch  Js  assumed  self-similar 
and  catastrophic.  In  order  for  the  fracture  formula  to  correlate  with  a  body  of  experimental  data,  the 
notch  size  parameter  must  be  adjusted  to  include  an  empirically  defined  "intense  energy  region"  at  the 
crack  tip.  Thus,  together  with  the  laminate's  fracture  toughness  (Kc  or  Uc) ,  yet  to  be  determined  experi¬ 
mentally,  the  model  consists  of  two  disposable  parameters  which  must  be  adjusted  to  fit  a  given  set  of 
teat  data. 

Clearly,  the  empiricism  in  this  approach  is  less  than  desirable.  As  was  discussed  earlier,  the  de¬ 
velopment  of  material  damage,  say  around  a  small  bolt-hole,  is  precipitated  by  a  multitude  of  sub-laminate 
cracking  activities  in  that  region.  The  term  "intense  energy  region"  is  in  fact  a  gross  representation 
of  these  activities  at  a  larger  dimensional  scale.  It  would  be  ideal,  therefore,  to  carry  the  analysis 
across  the  dimensional  boundary  Into  the  macromechanics  regime  (see  Figure  1),  so  as  to  understand  how 
sub-laminate  crackings  lead  to  the  damage  development  around  he  hole. 

Early  studies  on  fibrous  composites  dealt  mostly  failure  mechanisms  in  the  micromechanics  regime. 

For  instance,  a  considerable  amount  of  theoretical  and  experimental  treatments  was  given  on  the  subject  of 
the  fiber-matrix  interface  mechanics  (7  -  10].  Fracture  models  for  various  oicrocracka  such  as  depicted 
in  Figure  1(e)  are  f'hnrRcteH  zed  in  teTTTjp  of  energy  absorption  processes,  including  interface  debonding, 
fiber  pull-out,  matrix  crack  bridging  [11],  etc.  Although  the  modeling  of  these  various  microflaws  is 
basic  to  the  strengthening  mechanisms  of  the  composite  system  at  the  fiber-matrix  level,  it  remains  to 
incorporate  these  "micro"  models  into  some  analysis  which  includes  the  mutual  interaction  and  the  coales¬ 
cence  mechanisms  of  the  microflavs.  Indeed,  it  would  be  ideal,  again,  to  have  a  fracture  model  which 
accounts  for  both  the  mechanistic  failure  behavior  of  the  micro flaws  and  the  probabilistic  nature  of  their 
existence;  the  analysis  can  then  be  carried  into  the  regime  of  macromechanics. 

Several  mechanistic/probabilistic  failure  models  have  been  attempted  in  the  past.  Zweben  and  Rosen 
[12]  studied,  for  example,  the  tensile  strength  characteristics  of  unidirectional  composites,  assuming 
the  microflavs  a  distribution  of  local  broken  fibers.  The  basic  concept  can  be  extended  to  multi¬ 
directional  laminated  systems,  but  the  complexity  in  geometry  as  well  as  the  multiplicity  of  failure  modes 
make  this  type  of  effort  so  far  unproductive. 

In  recent  years,  increased  attention  has  been  given  to  fracture  modeling  within  the  general  confines 
of  macromechanics,  as  illustrated  in  Figure  1(c).  At  this  analysis  level,  the  individual  material  layers 
in  the  laminate  are  approximated  as  being  homogeneous  and  anisotropic,  where  no  distinction  of  the  fiber 
and  the  matrix  phases  need  be  made.  Essentially,  the  stiffness  properties  of  the  material  layer  are  re¬ 
presented  by  some  "effective"  values  characterized  experimentally  as  basic  material  constants,  but  failure 
in  the  material  layer  is  not  governed  by  a  set  of  strength  constants.  Rather,  it  is  determined  by  a 
certain  fracture  event  which  occurs  at  the  "sub-laminate"  level.  Since  by  a  homogeneous  approximation  the 
identity  of  the  inherent  material  raicroflaws  aln"  becomes  lost,  only  their  gross  effects  upon  the  forma¬ 
tion  and  propagation  of  sub-laminate  cracks  can  be  retained.  Thus,  an  empirically  defined  "effective" 
crack  size  is  introduced. 

As  it  will  be  discussed  in  detail  later  In  this  paper,  the  macroscopic  view  point  allows  a  rational 
formulation  for  a  general  fracture  model  for  a  class  of  sub-laminate  cracking  in  epoxy-based  composite 
laminates.  Early  studies,  notably  by  Corter.  [13],  Wu  [14],  Kannineu,  et.  al .  [15],  have  articulated  the 
viability  of  such  an  approach.  Major  advances  have  since  been  made,  due  mainly  to  the  ever-expanding 
computational  capabilities  and  ever-revealing  NDT  methods.  These  modern  facilities  have  provided  a  means 
for  a  more  rational  correlation  between  experiments  and  analysis. 

In  a  aeries  of  papers  [16  -  22],  Wang,  Croasraan,  et.  al.  developed  a  unified  energy  model  within  the 
context  of  macromechanicB .  It  describes  the  growth  mechanisms  in  a  class  of  matrix-predominant  sub-laminate 
cracks.  The  specific  cracks  considered  included  interlaminar  (delamination)  and  translaminar  (fiber-split) 
crackings,  found  mojt  prevalent  In  graphite-epoxy  laminates. 

This  paper  is  a  summary  of  their  major  findings  obtained  during  the  course  of  several  analytical  and 
experimental  investigations. 


FRACTURE  CONSIDERATIONS  IN  MAUKOMECHANICS 

The  energy  model  developed  by  Wang  and  Crossuan  Is  formulated  on  the  energy  release  rate  concept  of 
the  linear  elastic  fracture  mechanics  (LEFM) .  All  variables  in  the  model  are  defined  within  the  context 
of  the  macromechanics.  Since  fibrous  composites  possess  some  unique  characteristics,  special  considera¬ 
tions  had  to  be  given  to  defining  some  of  the  variables. 

Application  of  the  Griffith  Criterion 

The  essence  of  the  LEFM  is  that  material  failure  is  not  defined  from  the  stand-point  of  strength  as  a 
constant  material  property.  Rather,  it  is  determined  by  an  analysis  of  the  kinetics  of  the  actual  process 
of  fracture  propagation.  The  classical  result  of  Griffith  [23]  pertained  to  an  elastic  plate  which  is 
uniformly  stretched  in  one  direction  by  o.  The  plate  has  a  through  crack  of  size  2a,  orientated  normal  to 
the  direction  of  a.  The  length  of  the  crack  is  assumed  small  but  finite;  and,  the  material  is  homogeneous 
and  isotropic.  Griffith  postulated  that  at  the  instance  of  crack  extension,  a  loss  of  the  stored  elastic 
strain  energy  near  the  crack-tip  region  iu  resulted;  this  energy  is  converted  into  the  surface  energy  of 
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the  crack.  A  balance  of  energy  during  a  virtual  crack  extension  leads  to  the  criterion 
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Equation  (1)  defines  the  general  condition  under  which  the  existing  crack  begins  to  propagate  in 
self-similar  mode. 

For  the  plate  problem,  the  critical  stress  at  the  instance  of  crack  extension  can  be  derived  from  (1), 
giving 


<r  -  (2SX)1'2  (2) 

c  wa 

where  y  Is  the  free  surface  energy  density  of  the  material. 

When  applied  to  engineering  problems,  the  Griffith  theory  is  often  modified  for  practical  considera¬ 
tions.  For  instance.  Equation  (2)  becomes  unbounded  as  a  4  0.  Certainly,  no  real  material  can  sustain  an 
infinite  sLress.  This  limitation,  however,  can  be  circumvented  by  invoking  the  existence  of  material 
flaws.  That  is  to  assume  for  the  material  some  characteristic  distribution  of  flaws;  the  worst  of  which, 
having  a  size  of  2ac»  acts  like  a  real  crack.  It  then  determines  a  finite  critical  stress  according  to 
Equation  (2) . 

Of  course,  flaws  do  exist  in  real  mater J.als,  especially  in  fibrous  composite  systems.  But  the  physi¬ 
cal  identity  is  lost  at  the  dimeMsional  level  where  the  analysis  is  performed.  The  quantity  aQ  can  be 
defined  only  empirically  as  an  intrinsic  material  property.  Ab  it  will  be  discussed  later,  the  value  of 
aQ  can  be  orders  of  magnitude  larger  than  the  fiber  diameter  in,  say,  graphite-epoxy  systems. 

Another  practical  consideration  is  related  to  the  definition  of  y,  the  free  surface  energy  density  of 
the  material.  For  crack  in  brittle  material  such  as  glass,  then  y  is  as  defined.  For  moat  other  engin¬ 
eering  materials,  crack  extension  is  found  to  associate  a  certain  degree  of  inelastic  deformation  near  the 
crack-tip  region.  Furthermore,  the  crack  extension  path,  or  (he  crack  surface,  allows  a  certain  degree  of 
ruggedness,  depending  on  the  heterogeneity  of  the  material  viewed  at  a  microscale.  Early  studies  by  Irwin 
[24],  Orowan  (25)  and  others  on  structural  metals  considered  the  right-hand  a  Lde  of  Equation  (1)  th._  ir¬ 
reversible  work  required  to  create  a  unit  crack  surface  area.  Hence,  the  quantity  y  can  be  interpreted  as 
the  energy  dissipated  in  the  crack-tip  regie1-  during  crack  extension.  Clearly,  y  will  then  depend  on  the 
inelasticity  as  well  as  the  microscopic  heterogeneity  of  the  material  locally  (near  the  crack-tip).  It, 
therefore,  must  also  be  regarded  as  an  intrinsic  property  of  the  material  to  be  defined  at  the  macromech- 
anics  level.  Conceivab.lv  y  has  to  be  an  averaged  value  over  a  relatively  large  crack  surface  area  for 
fibrous  copiposites  in  uj  -  for  ic  to  be  a  material  constant. 

These  considerations  are  of  fundamental  importance  when  a  crack-like  failure  is  modeled  at  the  macro¬ 
scopic  dimensional  level.  For  only  in  thiy  context  can  a  macroscopic  fracture  model  be  d  iveloped  along 
the  rational  arguments  of  tbo  classical  fracture  mechanics. 

In  common  practice,  the  right-hand  side  of  Equation  (1)  is  replaced  by  Gc  (-2y),  known  as  the  criti¬ 
cal  energy  release  rate  of  the  material.  The  left-hand  side  Is  a  function  of  the  applied  load,  the  geo¬ 
metry  of  the  body  and  the  size  of  the  crack.  Thus,  for  a  crack  undergoing  self-similar  extension,  the 
Griffith  criterion  is  expressed  as 


G(a,a)  -  Gc  (3) 

Accordingly,  the  development  of  the  fracture  model  for  Bub-laminate  cracks  rests  upon  the  calculation 
of  G(a,a)  and  the  physical  measurement  of  Gc.  The  latter  is  regarded  as  a  material  property. 

The  Calculation  of  G(o,a) 

In  the  theory  of  the  LEFM,  the  singular  stress  field  near  a  crack  tip  in  a  homogeneous,  isotropic 
elastic  body  is  represented  by  analytical  functions  in  the  theory  of  complex  variables  [26].  The  near- 
field  stresses  are  obtained  for  three  particular  modes  of  the  crack  opening.  These  are  known  as  the  open¬ 
ing  mode  (I),  the  slidding  mode  (II)  and  the  anti-plane  aheai ing  mode  (III),  For  each  mode,  the  stresses 
are  expressed  In  terms  of  the  associated  stress  intensity  factor  K  [27] ;  and  consequently,  the  associated 
G(o,a)  is  computed  in  teraa  of  K.  Since  the  relation  between  K  and  G  is  one-to-one,  Equation  (3)  reduces 
to  the  form 


K(o , a)  •=  K  (4) 
c 

Similar  relations  between  K  and  G  for  orthotrcpic  media  having  a  crack  orientated  along  one  of  the 
major  axes  can  also  be  obtained  [28].  But  the  analytical  solutions  for  che  singular  stress  field  often 
require  tedious  mathematical  derivations. 

Direct  solution  methods  for  G(o,a)  have  been  available;  among  them  are  the  well-known  J-integral 
method  [29,  30]  and  the  method  of  virtual  crack  closure  technique  by  Irwin  [31]. 

Irwin  [31]  observed  that  the  elasHr  strain  energy  released  during  a  virtual  crack  extension  4a  is 
equal  to  the  work  done  in  closing  it  again.  The  inverse  problem  provides  the  solution  for  the  surface 
tractions  u  over  4a.  The  crack-tip  energy  release  rate  la  then  represented  by 
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where  Au  is  the  crack  opening  displacement  vector  over  Aa. 


(5) 


If  the  crack  extension  involves  all  three  modes  (I,  II,  III),  the  vector  product  in  Equation  (5;  will 
give  a  sura  of  three  scalars,  associated  respectively  with  Gj,  Gjx»  and  Gjjj. 

The  virtual  crack-closure  representation  is  particularly  adaptive  to  machine  computations.  Rybickl 
and  Kanninen  [32]  suggested  a  2-dimensional  finite  element  technique  to  evaluate  G  for  a  line  crack  in  a 
plane.  The  crack-tip  stress  vector  a  and  the  displacement  vector  Au  in  Equation  (5)  are  approximated  by 
the  nodal  forces  and  displacements  respectively,  in  a  finite  element  representation  (for  detail,  see  [18J). 


Wang  and  Crossman  applied  this  technique  in  a  generalized  plane  strain  finite  element  routinr-  [33], 
which  can  similate  a  line  crack  propagation  In  the  2-dimensional  cross-section  of  a  laminate.  Since  a 
general  laminate  under  load  may  suffer  cross-sec tior.al  warping,  the  routine  actually  computes  3.'-dimensional 
stresses  and  displacements  [33]. 


If  a  laminate  is  subjected  to  the  far-field  sirens  o0  and  a  sublaminate  crack  is  to  be  simulated,  the 
crack-tip  energy  release  rate  can  be  expressed  in  the  general  form 


G 


e 


C  (a/ t) • t* (o  /E  )2 
e  o  o 


(6) 


where  E0  is  laminate  stiffness  in  aQ  direction,  and  t  is  the  linear  scale  between  the  actual  model  and  the 
finite  element  model.  Ce  Is  a  function  dependent  only  on  the  crack  size  a,  which  is  routinely  generated 
for  a  given  type  of  crack  in  a  given  laminate. 

Similarly,  if  the  laminate  is  subjected  to  a  uniform  temperature  load  AT,  and  if  a  thermally  induced 
crack  opening  is  resulted,  then  the  associated  energy  release  rate  at  the  crack  tip  is  expressed  by 

CT  -  CTU/t)-t-(AT)2  (7) 


Generally,  the  laminate  ia  prestressed  by  a  -AT  due  to  curing,  so  a  combined  effect  is  resulted  when 
qq  is  applied; 

U  -  [(Ce)1/2-%  +  (C,r)1/2-AT]2-t  (fl) 

where  e  is  the  far-field  strain  (■  o  /E  ) . 
o  o  o 

It  is  seen  that  the  finite  element  technique  is  extremely  versatile,  and  can  be  efficiently  executed 
for  simulating  complicated  sub-laminate  crackings  such  aa  delamination. 

Nonetheless,  the  accuracy  of  the  technique  has  been  a  subject  of  concern  of  many  analysts,  because  of 
its  approximate  mature  in  representing  a  mathematically  singular  stress  field.  As  has  been  demonstrated 
by  Raj u  and  Crew <  [34],  Spilker  and  Chou  [35],  and  Wang  and  Choi  [30],  the  finite  element  stress  solutions 


could  lose  significant  accuracy  in  the  small  vicinity 
of  the  singular  point;  the  region  in  which  the  str'  SH 
becomes  inaccurate  is  generally  much  smaller  than, 
say,  a  fiber  diameter,  due  to  the  very  nature  of  the 
singularity  [36].  However,  it  can  also  be  demonstra¬ 
ted  that  the  stresses  in  that  small  region  do  not 
contribute  significantly  to  the  crack  opening  energy 
release  rate,  especially  for  a  crack  aize  much  larger 
in  proportion. 

Figure  2  shows  a  close  comparison  between  the 
finite  element  computed  G  and  the  elasticity  solu¬ 
tion  counter-part,  for  a  transverse  crack  located 
in  the  mid-layer  of  a  3-layer  laminate  (see  inset 
of  Figure  2) .  The  extreme  layers  are  designated  as 
material  1  and  the  mid-1 ayer  as  material  2.  Both 
had  to  be  assumed  elastic  isotropic  materials.  The 
exact  solution  for  G  as  a  function  of  the  crack  size 
a  is  given  by  Isida  [37],  using  complex  stress  po¬ 
tentials;  while  the  finite  element  solution  is  com¬ 
puted  using  a  rather  coarse  constant-strain,  tri¬ 
angular  element  mesh.  It  is  seen  that  the  finite 
element  solution  for  G(a)  compares  well  with  the 
exact  solution.  To  obtain  accurate  stress  closest 
to  the  crack  tip,  one  can  still  resort  to  the  finite 
element  method  using  either  a  finer  mesh  or  a  higher- 
order  element  formulation  [38],  But,  such  extreme 
measures  are  often  unnecessary  for  the  computation 
of  G. 


Figure  2  Comparison  of  the  Exact  and  Finite  Element 
Solutions  for  G(a).  E^/E2  -  5;  ■  h2;  ■  1/3. 
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The  Evaluation  of  G, 


When  fracture  occurs  in  the  material,  the  energy  released  in  the  process  is  expected  to  depend  on  the 
morphology  of  the  fracture  surface,  which  must  be  examined  at  the  microscale.  Fibrous  composites  are  known 
to  possess  complex  fracture  surface  details,  even  in  matrix-predominant  cracks.  The  observed  delamination 
surfaces  in  graphite-epoxy  composites  show,  for  instance,  a  considerable  raggedness  because  the  crack  must 
pass  around  the  reinforcing  fibers.  But,  at  *;he  macroscopic  level,  the  crack  surface  details  are  "smoothed 
out";  and  their  effects  are  reflected  in  the  measured  quantity  of  the  fracture  resistance  G  . 

For  this  reason,  G  measured  for  some  matrix-predominant  fractures  in  epoxy-based  composites  has  been 
found  to  depend  on  the  direction  of  fracture  propagation.  Cullen  [39]  and  Williams  [AO]  considered  two 
different  caaes  of  delamination  ns  illustrated  in  Figure  3.  The  first  case  is  0®/0°  delamination  in  which 
the  crack  path  is  in  the  fiber  direction,  while  the  second  is  90o/90o  delamination  where  the  crack  path  is 
transverse  to  the  fiber  direction.  The  experiments  were  performed  using  a  graphite-epoxy  unidirectional 
laminate,  subjected  to  mode-I  cracking  condition.  They  found  that  the  microscopic  morphology  of  the  90r/90° 
delamination  surface  exhibited  considerably  more  ruggedness  than  the  0°/0°  delamination  surface.  This  re¬ 
sulted  in  marked  differences  for  the  measured  Gc.  Note  that  these  two  fracture  events  occur  essentially 
in  the  same  interface  when  viewed  macroscopically.  Yet,  the  respective  Gc  values  can  differ  greatly  de¬ 
pending  on  the  direction  of  the  crack  propagation. 

Hence,  when  the  Griffith  formula  (3)  is  applied  for  cracks  in  composites,  the  term  Gc  requires  a  pre¬ 
cise  qualification.  Similarly,  when  a  test  method  is  devised  to  measure  Gc,  it  is  also  necessary  to  con¬ 
sider  the  dimensional  and  directional  characteristics  of  the  measured  data. 


Mode-I  interlaminar  Gt^»  A  commonly  used  test  method  to  determine  interlaminar  G^c  in  the  splitting 
cantiliver  beam.  Cullen  [39]  and  Wilkins  [41]  have  used  this  method  to  determine  the  interlaminar  Gjc 
when  the  crack  is  propagating  in  the  direction  of  the  fibers  (0D/0°  delamination).  For  some  graphite- 
epoxy  systemj,  they  found  that  Gjc  at  room  temperature  is  about  O.dS  lb/in,  or  130  J/m^.  This  value  is 
about  twice  the  G-j  measured  for  pure  epoxy  resin.  Williams  [40]  used  a  compact  specimen  which  simulates 
roughly  a  90°/90°  delumination.  lie  found,  for  the  same  material  system,  a  Gj  value  of  1.3  lb/in,  about 
three  times  that  of  the  pure  resin.  Williams  explained  that  the  fracture  surface  in  his  specimens  showed 
fiber  breakage  as  well  as  fractured  epoxy  debris;  this  had  resulted  in  a  higher  value  for  Gjc  than  that 
found  foi  0°/0°  delamination  by  Cullen  [39]. 


In  another  paper  by  Wilkins,  et.  al.  [42], 
it  is  reported  that  G^c  in  delamination  of  0°/90° 
interface  is  alao  higher  than  that  of  0°/0°  de- 
lamination.  These  findings  reaffirm  the  direction¬ 
al  dependent  nature  of  G_  . 

Ic 

MixeU-aiodi1  interlaminar  G^j  III)c*  The 

splitting  cantiliver  beam  method’has ’also  been 
used  in  mixed-mode  cracking  experiment.  In  this 
case,  it  is  necessary  to  apply  different  loads 
at  the  top  and  the  bottom  parts  of  the  split  so 
as  to  create  both  an  opening  (I)  and  a  slidding 
(II)  action.  Vonderkley  [43]  and  Wilkins  [41] 
conducted  tests  on  the  same  graphite-epoxy  sys¬ 
tem  (used  for  their  raodr-I  teats),  and  found  the 
total  energy  release  rate  “  GIc  +  Cllc 

which  exhibited  a  strong  dependence  on  the 
Gjj/Gj  ratio. 


Figure  3  Mode-I  0° /0°  Delamination  (a) ;  and  Mode-I 
90°/90e  Delamination 


This  phenomenon  is  not  uncommon  in  mixed - 
mode  fracture.  Similar  observations  were  re¬ 
ported  for  brittle  metals  as  well  as  pure 
epoxy  resius  [44],  Tt  is,  perhaps,  more  pro¬ 
nounced  in  fibrous  composites.  Generally,  it 
is  thought  that  the  increased  fracture  resist¬ 
ance  Is  the  result  of  excessive  matrix  yield¬ 
ing  under  shear,  as  well  as  crack-closure 
friction  due  to  the  slidding  action. 

In  an  experiment  on  double-notched  off- 
axis  unidirectional  graphite-epoxy  laminates, 
Wang,  et r  al T  [45]  measured  the  mixed  mode 
G(I,II)c  aa  a  continuous  function  of  G^/G^., 
see  Figure  4.  It  Is  seen  that  G._  _  .  is 
roonotonically  increasing  with  C 

But  in  the  same  experiment,  it  shows  also 
that  the  opening  part  Gyc  reniins  roughly  in¬ 
dependent  of  G^/Gj..  This  suggests  that  mixed¬ 
mode  crack  is  essentially  controlled  by  raode-I. 
Of  course,  such  a  suggestion  is  only  temporary; 
more  study  is  needed  to  fully  understand  Lhe 
true  nature  of  the  mixed-mode  crack  mechan¬ 
isms. 


Figure  4  Mixed-Mode  G  (*G,  +  G__  )  As  a  Function 

of  Gu/0t  Ratio •  c  Ic  Ilc 
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MECHANICS  OF  TRANSVERSE  CRACKS 


Physical  Mechanising  at  the  Macroscale 

Transverse  cracks  are  found  in  epoxy-based  laminates,  even  at  a  low  loading  level.  When  viewed  at 
the  macroscopic  scale,  the  cracking  action  is  simply  a  sudden  separation  of  fibers  by  breaking  the  epoxy 
bond.  To  illustrate,  consider  as  an  example  a  [0/90 ]g  type  laminate  such  as  shown  by  the  inset  in 
Figure  2.  There,  material  1  is  the  0°-layer  and  material  2  is  the  90®-layer.  Under  the  far-field  tensile 
load,  material  2  could  suffer  multiple  transverse  cracks.  Generally,  the  sequence  of  events  is  as  follows: 

A  single  crack  forms  first  when  the  applied  load  reaches  a  certain  critical  value,  which  defines  the  "onset" 
of  the  events',  as  the  applied  load  increases,  more  similar  cracks  are  formed.  If  there  is  no  other  failure 
mode  setting  in  at  high  load  (e.g.  0°-rupture,  delamination,  etc,),  the  number  of  transverse  cracks  will 
continue  increasing,  until  it  reaches  a  saturation  density. 

Figure  5  shows  a  load-sequence  x-radiographs  taken  for  a  [ 0/ 90 ] a  graphite-epoxy  laminate  under  ascend¬ 
ing  tensile  load.  Transverse  cracks  in  the  90°-layer  are  seen  to  form  in  increasing  numbers.  From  these 
photographs,  a  plot  of  crack  density  (e.g.  cracks  per  inch  of  specimen  length)  versus  the  applied  load  can 
be  obtained.  Figure  6  shows  a  family  of  such  experimental  plots  for  a  series  of  [0/90n/0]  laminates, 
n  -  1,  2,  3,  4. 

Examination  of  the  plots  in  Figure  6  reveals  several  interesting  features.  First,  the  onset  load  for 
the  first  transverse  crack  seems  to  be  influenced  profoundly  by  the  90®-layer  thickness,  expecially  when 
it  is  very  thin.  Take,  for  example,  the  case  of  n  -  1  in  Figure  6,  the  onset  load  is  almost  twice  that 
o£  n  B  2. 


Secondly,  the  crack  density  also  shows  dependence  on  the  same  thickness  factor.  Generally,  the  lami¬ 
nate  with  thinner  90*-layer  is  capable  of  yielding  a  higher  crack  density.  (But,  for  the  case  of  n  *  1, 
failure  of  0°-layer  at  high  load  interrupted  the  development  of  more  transverse  cracks), 

Tlie  90°-layer  thickness  effect  on  transverse  cracking  was  first  documented  experimentally  by  Bader, 
et.  al.  [46].  They  attributed  the  effect  to  the  constraining  actions  of  the  adjacent  0®-layera.  Obser¬ 
ving  that  a  transverse  crack  can  be  no  larger  than  the  90°-layer  thickness,  the  energy  release  rate  which 
drives  the  crack  is  thus  limited  by  the  same  factor.  It  is  the  total  strain  energy  trapped  in  the  90°- 
layer  which  determines  the  onset  of  the  cracking,  not  the  in-situ  tensile  stress. 

As  for  the  effect  on  crack  density,  it  has  been  explained  by  the  existence  of  a  "shear  lag'1  zone  at 
the  transverse  crack  root  [46  -  48].  That  is  an  interlaminar  shear  stress  is  developed  on  the  0/90  inter¬ 
face  where  a  transverse  crack  terminates.  This  shear  stress  is  singular  at  the  crack  root,  but  decays 
exponentially  a  distance  away  [20].  Similarly,  the  in-situ  tensile  stress  in  the  90®-layer  is  nil  at  the 
transverse  crack,  but  it  regains  its  far-field  value  outside  the  shear-lag  zone.  Thus,  ideally,  any  two 
adjacent  cracks  should  be  spaced  bv  the  shear-lag  distance.  Since  this  distance  is  proportional  to  the 
90°-layer  thickness  [20],  hence  the  observed  tidekness  effect  on  crack  density  [46], 

Although  the  shear-lag  concept  is  ideally  correct,  the  so-called  "characteristic"  spacing  of  trans¬ 
verse  cracks  does  not  occur  exactly  in  practice,  due  to  reasons  to  be  discussed  later  in  this  section. 
Often,  transverse  cracking  leads  to  other  failure  modes,  and/or  vice  versa  [21]. 


At  the  microscopic  level,  the  mechanisms  of  a  transverse  crack  are  much  more  perplexed.  For  example, 
the  exact  kinematics  of  crack  formation  is  not  fully  known.  Post-test  SEM  examination  of  the  crack  sur¬ 
faces  generally  gives  a  very  ragged  appearance;  tiny  epoxy  dcbrJo  and  comi_Liuiey  broken  fibers  sre  also 
seen  [40].  Figure  7  shows  an  x-ray  plane  view  of  a  [+25/902 Ja  la®lnate  after  transverse  cracking,  left, 
and  an  edge-view  micrograph  on  the  right.  It  is  seen  that  the  transverse  crack  is  practically  a  plane 
crack  of  a  rectangular  dimension,  which  is  bounded  by  the  width  of  the  specimen  and  the  90®-layer  thick¬ 
ness.  There  is  no  evidence  to  indicate  that  the  crack  formation  is  progressive  in  nature.  In  fact,  all 
experiments  tend  to  suggest  a  sudden  dynamical  formation. 


Figure  5  X-Radiographs  of  Transverse  Cracks  Formation 
Under  Increasing  Loading.  T300/934  [0/90 J a  Laminate. 


Figure  6  Transverse  Crack  Density  Vs.  Applied 
Load.  [0/90n/0]. 


This  dynamical  nature,  though  still  conjectured,  has  been  qualified  by  many  who  monitored  the  acous¬ 
tics  emitted  during  the  crack  formation  (see,  e.g.  [49]). 

While  it  Is  difficult  to  reduce  these  physically  observed  facts  into  a  general  law,  they  nevertheless 
provide  the  necessary  rationale  for  the  formation  of  an  analytical  model.  In  what  follows,  an  energy  formu¬ 
lation  is  presented,  which  describes  the  most  essential  observed  characteristics  of  the  transverse  crack¬ 
ing  phenomenon. 

The  Energy  Formulation 

Tor  purpose  of  clarity,  consider  a  [0/90Js  type  laminate,  as  shown  in  Figure  8.  It  will  be  assumed 
that,  in  the  90°-layer,  the  matet  al  hao  a  random  distribution  of  raicroflaws.  The  gross  effects  ot  the 
microflavs  at  the  macroscopic  scale  are  represented  by  a  characteristic  distribution  ^.f  "effective"  flaws 
which  cannot  be  physically  seen.  But,  under  stress,  these  effective  flaws  are  capable  of  propagating 
suddenly  into  transverse  cracks,  which  are  physically  real.  fhe  individual  size  of  the  effective  flaws  is 
denoted  by  2a;  and  any  two  adjacent  flaws  are  spaced  by  a  distance  S,  see  Figure  B. 

Given  a  unit  length  of  the  specimen,  there  is  a  probability  density  function  f(a)  ,  and  a  probability 
density  function  f(S).  For  sake  of  no  evidence  to  suggest  otherwise,  the  two  functions  are  assumed  to 
take  a  form  for  normal  distributions  [50]; 

f(a)  -  ^  exp  [-(a  -  ua)W,  (9) 

f(S)  -  exp  (-(S  -  us>2/2a^2]  (10) 


Figure  7  Micrograph  (right) 
Showing  Two  Transverse  Cracks 
In  a  (+2j/9U_J  Laminate. 
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where  p  and  a  are  the  mean  and  the  standard  deviation 
of  the  respective  distribution  functions. 

Among  the  effective  flaws,  the  size  of  the  "worst" 
one  is  denoted  by  2nQ.  For  definiteness,  assume  a0 
the  99  percentile  of  f(a).  That  is  99%  of  the  flaws 

are  smaller  than  2a  . 

o 

Then,  under  the  far-field  load,  say  e„,  the 
"worst"  flaw  2ao  will  become  the  first  transverse 
crack.  The  critical  value  for  e0  at  the  onset  is  cal¬ 
culated  by  substituting  Equation  (8)  into  the  Griffith 
criterion  (3): 


[(c) 


1/2. 


a/2 


Atr 


(id 


where  C  and 
e 

As  has  been  detailed  earlier,  the  energy  release 
rate  coefficients  C  and  C  are  generated  numerical!]’ 
by  the  finite  element  cracK-closure  routine,  given 
the  geometry  and  material  moduli  of  the  iaminas.  Thus, 
in  Equation  (11) ,  all  quantities  except  e  will  be 
given:  AT  is  the  temperature  load  due  to°cuu.llng; 
t  is  the  linear  scale  between  the  finite  element 


•’igure  8  Effective  Flaws;  Size  and  Spacing  Dis¬ 
tributions  . 
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model  and  the  actual  mod'll;  and  Gc  taken  the  value  of  G.  which  is  measured  for  raode-T  90°/906  dc lamina¬ 
tion.  lc 

Now,  the  difficulty  rests  upon  the  choice  of  aQ;  or  for  the  same  matter,  the  choice  of  ua  and  afl  in 
the  distribution  function  (9). 

Clearly,  2aQ  must  be  smaller  than  the  90°-layer  thickness.  But  the  latter  can  be  made  arbitrarily 
large.  Hence,  a  finite  bound  on  a()  exists  even  if  the  90®-layer  thickness  is  unbounded. 

As  an  example,  consider  the  experimental  results  reported  in  [21].  The  tensile  strength  of  T30Q/934 
[90g]  laminates  averaged  a  -  7000  psi.  If  the  same  ''effective"  flaw  concept  is  assumed,  then  the  "worst" 
flaw  in  the  laminate  (parallel  to  fibers)  determines  the  strength  according  to  the  Griffith  formula  (2), 
yielding 

a  ■  G  E/fo  ^  (12) 

o  c  u 

with  E  -  1.7  X  10^  psi  and  Gc  -  0.9  Ib/in  for  0°/U°  mode-I  delamination.  Equation  (17)  determines  ao-0.01", 
or  about  2  tiroes  the  ply  thickness  of  the  T300/934  systems. 

It  may  be  assumed  that  for  the  90°/90°  mode-I  delamination  in  an  unbounded  90,‘-layer,  the  "worst" 
effective  flaw  size  should  be  no  greater  than  a0  *  0.01".  Indeed,  in  several  experimental  correlations 
conducted  by  Wang  and  Crosaman  [19,  20,  21],  using  the  same  material  system,  a  is  found  In  the  order  of 
0.0075",  or  1.5  times  the  ply  thickness. 

Numerical  Examples  by  Monte~C‘arlo  Simulation 

In  what  follows,  the  transverse  cracking  phenomenon  will  be  simulated  numerically  by  the  so-called 
Monte-Carlo  random  search  technique.  Hie  considered  laminates  are  in  the  form  [02/9Un]H,  n  -  1,2  and  3. 
The  material  system  is  the  AS-3501-06  graphite-epoxy  system  (for  the  material  moduli,  see  [51]).  The 
nominal  ply  thickness  of  this  system  is  0.0052". 

In  order  to  define  the  parameters  p  and  o  In  the  f (a)  and  f(S)  distribution  functions,  the  following 
values  are  chosen  for  the  laminate  n  ■  2  and  3: 


0.0036", 

o  -  0.0013" 

a 

(13) 

0.0125", 

o  -  0.0046" 
a 

<U) 

These  are  chosen  to  reflect  the  fact  that  being  over  99%  of  f(a),  may  take  a  value  (see  [50]), 

a  -  u  +  3a  -  0.0075"  (15) 

o  a  a 

and  that  for  ps  ■  0.0125"  it  implies  80  effective  flaws  to  the  inch.  The  choice  of  the  standard  devia¬ 
tions  is  a  matter  of  adjusting  to  the  actual  data  scatter  [51]. 

As  for  the  laminates  of  n  -  1,  the  thickness  of  the  90°-layer  is  only  0.0104"  or  a0  <  0,0052".  For 

this  case,  the  choice  of  v  and  a  are  as  follows: 

a  a 

yg  -  0.0021",  oa  -  0.00075"  (16) 

so  that 

a  -  u  +  3o  -  0.0044"  (17) 

o  a  a 

The  choice  of  the  spacing  parameters  remains  the  same  for  n  -  1. 

The  Monte-Carlo  simulation  procedures  start  with  the  generation  of  a  set  of  N  (-  80)  flaws  whose  ran¬ 
dom  sizes  and  spacings  are  represented  by  the  respective  density  functions  (9)  and  (10).  This  is  done  by 
generating  first  a  set  of  N  random  values  in  the  interval  (0,  1).  Then,  by  equating  the  cumulative  func¬ 
tion  of  1(a)  to  each  of  the  random  valueB,  a  random  set  (a^J,  i  ■  1,  N  is  computed.  Among  the  values  in 

{a^J.  the  probability  nf  the  largest  to  be  equal  or  great*!  than  aQ  as  defined  in  (lb)  or  (17)  is  about  99X. 

Similarly,  a  random  set  (S^),  1-1,  (N  -1),  ia  also  generated  by  the  random  number  scheme.  Si  is 
then  assigned  to  be  the  spacing  between  the  ith  and  the  (i  +  1) th  flaws. 

Thus,  a  computer  research  follows,  which  determines  the  flaw  most  likely  to  become  a  transverse  crack. 
The  first  to  occur,  clearly,  is  the  worst  flaw  in  the  (aj)  set,  and  the  corresponding  applied  load  for  the 
onset  of  the  first  crack  is  then  determined  using  Equation  (11). 

After  the  first  crack  is  formed,  another  flaw  in  the  {a^ }  set  will  become  a  crack  at  a  slightly  higher 
load.  But  this  flaw  is  located  at  a  random  distance  from  the  first  crack.  And  the  presence  of  the  physical 
(real)  crack  has  a  stress  reducing  effect  on  the  rest  of  the  flaws.  Thus,  if  the  second  flaw  to  become  a 

crack  is  located  outBide  the  shear-lag  zone,  it  will  not  feel  the  presence  of  the  first  ctack;  and  hence, 

ity  available  energy  release  rate  at  the  instant  of  cracking  is  given  by  G  (o,  a),  the  some  as  in  Equa¬ 
tion  (8).  ° 

On  the  other  hand,  if  the  second  fJaw  is  located  inside  the  shear-lag  zone,  then  the  available  energy 
release  rate  is  reduced  by  a  factor  depending  on  its  distance  from  the  first  crack. 


OeneraLly,  for  the  flaw  to  became  the  kth  crack,  <*m*  must.  si*,<r.  h  the  left  and  to  the  tight  Lor  th 
niMrrst  cracks.  If  ?o,  t  he  energy  ro  least*  rate  at  th»*  instance  of  the  kth  .rack  I  -  given  bv 


In  Ivquat  i  on  (18),  K(S)  Is  the  enernv  rate  re  tent  lan  factor  which  Is  generated  hv  the  litiite  clement 
routine  for  a  flaw  i»f  .’a  (*  ,’a^)  and  is  placed  at  varving  distance  S  l  r*»m  a  transverse  track,  see  figure 

for  the  laminate  family  (0»/^*n}8,  a  single  K(S)  curve  «.an  he  generated  Ii  expressed  in  terms  ot  S/nt 

t  being  the  thickness  of  nm*  ‘.’0*-pivt  sec  figure  9.  Note  that  loot  energy  r.itc  retention  Is  expected  !>e- 

yond  S  ■  4nt;  t.he  latter  Is  actually  the  size  ol  the  shear- lag  zone  |19). 

The  applied  load,  correspond  litg  t  *»  the  kth  crack  Is  determined  I  ro.m 

(i,  (o  .  a)  -  C.  (1  9) 

K  C 

The  search  essentially  simulates  the  cracking  process  as  It  would  occur  naturally.  Kacl*  random  simu¬ 
lation  represents  an  actual  test  case;  and  repeated  s  lrul.il  i  our-  represent  actual  tests  o:i  replicas.  fable 
A  illustrates  the  flow-chart  fm  the  Motire-fNirlu  simulation. 

Figures  lU,  11,  jnd  12  show  the  simulated  crack-density  versus  load  plots  tor  respectively,  [ *J_ / OtJ J 
f 0^/90  1  and  ln.,/90  J  laminates.  In  the  simulations,  the  quantities  appealing  In  liquation  (11)  are*' 
assigned  as  follows. 

AT  -  22S°K,  l  -  0.00b2",  C  -  1.3  Ih/in  (20) 

The  sltadcd  hand  in  each  of  these  plots  is  the  corresponding  experimental  data  hand  from  4  torft  speci¬ 

mens.  These  test  data  were  reported  earlier  in  Reference  [ 52 J ;  and  the  details  for  the  simulation  compu¬ 
ter  routine  arc  reported  in  Reference  (51). 
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*  ABLE  A  FLOW-CHART  FOR  MONTE-CARLO  SIMULATION 


Energy  Release 
Retention  Coeff. 
R(S) 


j  Uniform  Random  Number  Generator  _ 

N  random  numbers  (flaws)  i 

-  -  ...  J - .  '  r  i 

Define  Crack  Spaciags  Define  Crack  Sizes 

U  ■  l/N,  Assign  o  Assign  y  ,  o 


Reorder  crack  sizes  in  descending 
order.  The  largest  defines  the  onset 
of  Transverse  cracking.  Determine  <Hl). 
I  -  1,  J  -  1 


Search  right  and  left  of 
largest  flaw,  and  define 
associated  G(J) 


of  next 
ne  the 


If 

J  <  (N  -  I)}-- 

yes 

^  no 

j  The  largest  G(J)  defines  the  : 
^transverse  crack.  Determine  a (I 


i  next 

;i  +  1) 


J  -  1 
I  -  I  + 


ou>  Ultimate 
Laminate  Strength 


List  all  transverse  cracks  in 
order  of  occurrence. 

List  the  corresponding  o(K),  K  -  1,  (I  +  1) 

I  Another  | 

Specimens?  f--  ^€S 


MECHANICS  OF  FREE  EDGE  DELAMINATION 


The  Classical  Free-Kdge  Problem 


The  free  edge  delamination  problem  has  attracted  increased  research  interests  ever  since  the  advent 
of  composite  laminates.  The  phenomena  are  frequently  observed  as  the  most  damaging  sub-laminate  failure 
mode.  Generally,  It  is  a  plane  crack  which  forma  along  the  laminate  fre»  edge  and  propagates  inward  along 
an  interface  of  two  adjacent  layers. 

Figure  13  shows  an  x-ray  plant  view  of  a  [+45/0/90]fi  graphite-epoxy  luninate  under  uniaxial  tension 
(left).  Delaraination  is  seen  to  occur  along  both  edges  of  the  laminate,  with  essentially  uniform  growth 
toward  the  center.  An  edge  view  of  this  crack  is  shown  on  the  right,  which  indicated  that  the  crack  is 
basically  contained  inside  the  90*-layer,  not  necessarily  in  any  one  given  layer  interface.  Moreover,  the 
cracked  plane  io  quite  zig-zagged  along  the  length  of  the  free  edge. 
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Figure  13  Micrograph  (right) 
Showing  Free  Edge  Delamination  In 
A  [+45/0/90]  Laminate. 
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figure  14  Micrograph  (right)  Showing  Free  Edge  Delamination  of  a  [+25/90^, 
Laminate  After  Failure. 


Similar  photographs,  taken  for  a  [£25/90j/2 ]fl  laminate  after  failure,  are  shown  in  Figure  14.  Here, 
the  edge  crack  is  seen  to  have  formed  inside  tne  9Q°~layer,  but  branched  to  the  25/90  interface  as  it 
propagated.  The  branch-out  is  due  to  the  skewed  cracks  which  occur  in  the  90°-layer  ahead  of  the  edge  de- 
lamination  front. 


Note  that  both  laminates  have  a  90°-layer;  and  they  could  suffer  transverse  cracking  under  the  tensile 
load.  But,  because  the  thickness  of  the  90°-layer  is  thin,  a  high  load  is  required  for  transverse  cracking 
according  to  the  energy  theory  earlier.  Instead,  in  this  case,  edge  delamination  is  induced  as  the  first 
event  of  sub-laminate  failure. 


Analytical  studies  of  the  free  edge  delamination  problem  have  originated  from  the  much  celebrated  work, 
of  Pipes  and  Pagano  [53],  who  formulated  and  computed  the  boundary-layer  interlaminar  stress  solutions  for 
a  long  symmetric  laminate  under  tension.  The  formulation  is  based  on  the  macroscopic  ply-elasticity 
theory,  which  regards  the  material  layers  as  individually  homogeneous  media;  material  and  geometrical  dis¬ 
continuities  exist  only  across  the  layer  interfaces. 


Generally,  the  free  edge  stress  field  is  three-dimensional,  and  is  singular  at  the  Intersect  of  the 
free-edge  with  the  layer  interface  [36].  Hence,  interface  delamination  is  caused  by  the  highly  concentra¬ 
ted  edge  stresses,  especially  the  Interlaminar  normal  stress  a^» 


In  a  scries  of  tensile  strength  tests,  Bjeletich,  et.  al.  [54]  examined  the  failure  modes  of  six 
families  of  quasi-isotropic  laminates  by  alternating  the  stacking  sequence  of  the  0#,  90°  and  +45  layers . 
Edge  stress  analysis  indicated  a  compressive  az  along  the  free  edge  of  the  [0/90/+45]a  laminate,  while  a 
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tensile  oz  for  the  [+45/0/ 90]g  laminate.  The  latter  developed  prematured  delamination;  and  the  growth  of 
it  had  led  to  a  much  lowered  tensile  strength.  Clearly,  knowledge  of  the  free-edge  stresses  can  provide 
an  explanation  why  delamination  occur;  but  a  quantitative  prediction  for  its  occurrence  requires  a  more 
precisely  defined  criterion. 

In  a  study  on  delamination  fo*  itailar  graphite-epoxy  laminates,  Rodini,  et.  al,  [55]  determined 
experimentally  the  critical  tensile  ^oads  at  the  onset  of  free  edge  delamination  in  a  [+45n/0n/90n]s, 
n  *  1,  2,  3  family.  They  found  that  the  critical  laminate  tensile  stress  bx  varied  greatly  with  the  value 
of  n.  Specifically,  the  critical  ax  decreases  at  the  rate  of  about  f^n,  even  though  an  edge  stress  analysis 
yields  identical  az  for  the  same  ox  for  all  values  of  n. 

Such  a  90° -layer  thickness  dependent  behavior  is  similar  to  that  found  in  the  transverse  cracking 
problems,  suggesting  the  observed  phenomenon  is  again  fracture  in  nature. 

The  Energy  Criterion 

In  the  work  of  Wang  and  Crossman  [18],  it  is  assumed  that  material  flaws  exist  randomly  on  any  one  of 
the  interfaces  between  the  material  layers.  Those  flaws  which  are  located  within  the  free-edge  stress 
zone  form  an  "effective"  flaw  having  a  size  aG  at  the  instance  of  onset  of  delamination,  see  inset  in 
Figure  15.  Following  the  finite  element  crack-closure  procedure  by  allowing  virtual  extension  of  aQ  along 
the  layer  Interface,  an  energy  release  rate  curve  is  generated,  such  as  shown  in  Figure  15. 

It  is  seen  chat  the  energy  release  rate  G  increases  sharply  with  a,  but  reaches  an  asymptote  at 
a  -  a^.  Generally,  the  value  of  am  is  alvout  one-half  the  layer-thickneBB  which  contains  the  delamination 
[18].  Thus,  the  layer  thickness  affect  the  value  of  and  also  the  value  of  G. 

Expressing  the  computed  energy  release  rate,  Equation  (6), 

G(e  ,  a)  -  C  (a)  •  t  •  e  2  (21) 

ob  o 

and  applying  the  Griffith  criterion  (3)  for  the  onset  of  delamination,  one  obtains  the  critical  far-field 
strain. 

(e  )  -  [G  /C_(a)  •  t]1/2,  a  -  a  (22) 

o  cr  c  E  o 

Note  that  in  (22),  the  thermal  residual  effect  is  not  included.  In  most  laminates,  thermal  effect  on 
delamination  is  minimal  [56]. 

The  problem  comes  down  to  two  important  questions;  namely,  what  value  is  a  ,  and  which  interface  is 
likely  to  delaminate? 

To  answer  the  first  question,  recall  the  earlier  discussions  about  aD  in  unbounded  90“  laminates.  As 
inferred  fro'i  the  Griffith's  criterion,  aQ  is  in  the  order  of  0.01",  or  2  times  the  ply  thickness  for 
commercial  graphite-epoxy  systems.  It  is  believed  that  aQ  for  delamination  is  at  least  of  this  magnitude 
if  not  larger,  because  of  possible  additional  cutting  flaws  along  the  free  edge.  In  any  event,  if  am  in 
Figure  15  is  less  than  3  times  of  the  ply  thickness,  one  simply  uses  a  -  arid  predicts  from  Equation 
(22)  the  minimum  possible  load  for  the  onset  of  delamination.  Thus, 

(e  )  -  [G  /C  (a  )  •  t]1/Z  (23) 

o  cr  cbm 


The  answer  to  the  second  question,  however,  is  complicated,  if  not  Inconcise.  Consider  as  an  example 
a  [ 9O2/O2/+452 ]B  under  uniform  compression.  Interlaminar  tensile  cz  is  developed  in  this  laminate  and  edge 
delamination  is  induced  before  global  buckling,  see  Figure  16.  A  3-dimensional  through-thickness  display 
of  az  is  shown  in  Figure  17(a).  It  is  seen  that  the  largest  oz  is  located  on  the  45/-4S  interface  (in 
fact,  this  oz  is  singular  at  the  free  edge).  On  the  other  hand,  az  along  the  raid-plane  (z  -  0)  is 
finite  at  the  free  edge.  In  uddition,  there  is  also  a  singular  interlaminar  shear  stress  txz  along  the 
45/-45  interface.  Thus,  the  stress  analysis  suggests  the  4S/-45  interface  as  the  moBt  probable  delamina- 
tion  site. 

However,  according  to  the  energy  release  rate  arguaent  as  well  as  the  "effective"  flaw  hypothesis,  one 
must  calculate  the  energy  release  rate  curves  along  all  possible  interfaces  in  order  to  determine  the  in¬ 
terface  moBt  energetically  favorable  for  delamination. 

The  finite  element  crack-closure  results  of  the  G(a)  curves  for  this  example  problem  is  shown  in 
Figure  17(b).  Indeed,  the  interface  that  yields  the  highest  energy  release  rate  is  the  mid-plane  (z  -  0) , 
no>  the  45/-45  interface.  Furthermore,  a  delamination  in  the  mid-plane  is  in  mode-I,  while  it  is  mixed- 
mo"  (I,  III)  in  the  45/-45  interface.  As  has  been  discussed  earlier,  mixed-mode  G^  is  usually  higher 
than  Cjc.  Thus,  the  mid-plane  Is  the  predicted  delamination  site,  not  the  45/-A5  interface. 

This  conclusion  is  confirmed  by  experiments  conducted  by  Wang  and  Slomiana  [57],  who  nine  investiga¬ 
ted  compress  ion- Induced  delamination  in  and  [0/90/0/90/+45/+45] g  laminates,  in  all  cases, 

mid-plane  and  mode-I  delamination  was  predicted  and  observed.  Using  the  energy  criterion  cl  Equation  (23), 
and  setting  Gc  -  1.3  lb/in,  their  predicted  minimum  onset  loads  (ax)  compared  well  with  the  experimental 
findings  (average  of  3  specimens).  The  following  table  illustrates  the  closeness  between  the  prediction 
and  the  experiment: 
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Laminates 

Predicted  onset  of 

Experimental  Finding 

[902/02/±4521fl 

43.9  ksi 

45.7  kai 

I02/902/+552]s 

50.9 

52.0 

[0/90/0/90/;*45/+45]s 

59.1 

62.0 

1  a  1  FREEEOGE 

(a)  O  Distribution  Unrisr  CoaprtMloc 


Figure  17  a  Distribution  and  Energy  Release 
Rate  Coefficients  for  a  ^n^er 

Compression. 


Figure  IS  Delamination  induced 
Transverse  Cracks  (a).  [+25/90-1  • 

Transverse  Cracks  Induced  Delami- 

nation  (b).  [+25/90  ]  . 

—  s  s 


Edge  Delamination  and  Transverse  Cracking:  Their  Interactions 

In  the  previous  examples,  edge  delamination  Is  the  first  and  only  sublaalnate  failure  mode  before 
laminate  buckling.  The  onset  load  for  delamination  is  synonymous  to  the  final  laminate  failure  load.  In 
most  other  cases,  edge  delamination  and  transverse  cracking  are  often  two  competing  failure  modes,  which 
interact  each  other  through  a  complicated  mechanisms. 

Examine  again  the  photomicrographs  shown  in  Figure  13  and  14,  where  a  [+45/0/ 90] a  and  a  [+25/90^/2^8 
laminates  ware  loaded  by  axial  tension.  The  thickness  of  the  90*-layar  In  both  lsminst as  is  so  small  that 
transverse  cracking  is  possible  only  at  a  high  load.  Instead,  an  edge  delamination  is  induced  as  the 
first  sub-laminate  failure  mode.  Nonetheless ,  the  stress  field  in  the  90*-layer,  which  contains  the  de¬ 
lamination,  appears  to  be  extremely  complex.  The  skewed  cracks  shown  In  Figure  14  are  indicative  of  the 
complex  stress  field  ahead  of  the  delamination  front.  But,  Just  how  profoundly  these  secondary  cracking 
events  influence  the  delamination  growth  is  far  from  known. 

On  the  other  hand.  Figure  18(a)  shows  an  x-ray  plane  view  of  a  [+25/ 90^]  laminate  after  delamination. 
Actually,  this  laminate  suffered  first  transverse  cracks  in  the  90°-layerJ  subsequent  edge  delamination  in 
the  25/90  interface  developed  at  a  higher  load.  It  is  seen  from  the  picture  that  delamination  actually 
caused  many  more  transverse  cracks  because  of  stress  concentration  along  the  curved  delamination  front. 

In  the  area  where  delatainatlon  had  not  occurred,  only  a  few  transverse  cracks  are  visible.  This  phenomenon 
has  repeatedly  been  observed  in  experiments  [21];  but  no  serious  account  has  been  attempted  to  analytically 
modelling  it. 

Law  [56]  assumed  that  when  transverse  cracks  occur  in  the  90*-layer,  the  tensile  modulus  Ej  and  the 
Poisson  ratio  Vjl  of  iha  9Q"-layer  both  reduce  to  nearly  zero.  With  reduced  moduli  in  the  90°-layer,  the 
overall  laminate  becrcues  energetically  delamination  prone  in  the  25/90  Interface,  resulting  in  a  mixed- 
mode  cracking  (I,  II).  Lav  was  able  to  predict  tha  onset  loads  for  this  and  other  similar  cases  in  an 
approximate  manner.  Some  details  of  his  work  will  be  discussed  later  in  a  case  study. 


Figure  18(b)  shows  an  x-ray  plane  view  for  a  [£25/90/]  laminate  soon  after  transverse  cracking  took 
place.  In  thin  case,  scattered  transverse  cracks  appeared  first,  which  immediately  caused  delamination 
on  both  25/90  interfaces  in  the  area  where  they  occurred.  The  delamination  is,  in  fact,  a  combined  effect 
stemming  from  the  trans"erse  crack-tip  and  free  edge  stress'  concentrations.  Figure  19  illustrates  this 
combined  effect  in  an  isometric  view.  The  interface  shear  stress  cxz,  which  is  developed  at  the  transverse 
crack  root,  tends  to  delaminate  the  25/90  interface  in  the  x-direction;  and  the  interlaminar  normal  stress, 
cz,  which  is  a  free  edge  effect,  tends  to  open  up  the  same  interface  in  the  y-direction.  The  combined 
action  gives  rise  to  a  mixed-mode,  delta-shaped  dc lamination.  Evidence  of  this  type  of  delamination  can 
be  found  by  examining  Figure  18(b). 


Law  [56]  approximated  the  combined  effect  by 
first  computing  Gx  for  the  x-direction  delamination 
by  a  2-dimensional  analysis,  and  then  by  computing 
Gy  for  the  y-Uirection  aa  in  the  case  of  free  edge 
delamination.  Since  both  Gx  and  Gy  are  considered 
crack-driving  forces,  their  vector  sum  1b  used  to 
predict  the  onset  of  the  delta-shaped  de lamination. 
Obviously,  such  an  approximate  approach  is  only 
tentative;  the  problem  remains  to  be  treated  more 
rigorously  by  a  3-dimenaional  analysis  which  can 
simulate  a  contoured  plane  delamination .  But,  as 
it  will  be  shown  in  the  next  section,  Lav's  approach 
was  at  least  qualitatively  correct. 

It  it*  now  apparent  that  sub-laminate  crackings, 
especially  delamination,  are  physically  complicated 
even  under  simple  tension.  The  energy  model  pre¬ 
sented  earlier  may  be  applied  only  in  cases  where 
a  single  failure  mode  is  present.  Interactions 
amongst  multiple  failure  modes  are  yet  to  be  in¬ 
vestigated  more  extensively. 

An  Experimental  Case  Study 

An  experimental  case  study  on  transverse 
cracking,  free  edge  delamination  end  their  mutual 
intera<  tion  was  conducted  by  Crossman  and  Wang 
[21].  They  chose  a  family  of  graphite-eprxy 
laminates  (T30G/934)  in  the  form  of  [+25/90u]B. 

By  varying  the  single  parameter  n  -  1/2,  1,  2,  3, 

4,  6  and  8,  they  were  able  to  control  the  occur¬ 
rence  of  the  various  competing  failure  modes  in 


o 
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Figure  19  Transverse  Crack/Edge  Delamination 
Interaction. 


(a)  Experimental  Results 


(b)  (c) 

Figure  20  Schematic  of  the  Fracture  Sequence  in 
tho  [+25/90n]g  Laminates  (a)  Just  Prior  to  Edge 
Delamination,  (b)  Subsequent  to  Edge  Delaoina- 
tion,  (c)  Just  Prior  to  Final  Failure. 


(b)  Experiment /Prediction  Gompaxison 


Figure  21  Onset  Loads  fr  Transverse  Crack, 
Delamination  and  Final  Failure.  [£25/90n]a 
Series. 
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the  laminates  when  loaded  in  tension.  Both  x-radiography  and  microphotography  were  used  to  monitor  the 
sub-laminate  cracking  development  as  a  function  of  the  applied  load.  For  clarity,  a  graphical  summary  of 

their  experimental  findings  is  shown  in  Figure  20.  For  n  ■  1/2  and  1,  the  laminates  are  classified  as 

having  a  "thin"  90*-layer.  Transverse  cracking  is  suppressed  due  to  the  lack  of  sufficient  atrain  energy 
stored  in  the  90°-layer.  Hence,  free  edge  delamination  occurs  ns  the  first  sub-laminate  failure  mode. 

For  n  -  1/2,  a  stable  mode-I  delamination  is  produced  during  the  loading  until  final  failure.  For  n  ■  1, 
however,  transverse  cracks  are  induced  in  the  area  of  delaaination.  Because  of  these  cracks,  the  delatni- 
nation  plane  is  often  branched  Lu  the  25/90  interface.  This  latter  appearance  Ib  indication  of  an  inter¬ 
action  taking  place  between  the  two  failure  modes. 

When  n  »  2  and  3,  the  laminates  are  denoted  as  having  "thick"  90°-layer.  In  both,  transverse  cracks 
occur  first  long  before  delamination.  It  may  be  thought  that  the  onset  of  transverse  cracking  Is  an  in¬ 
dependent  event,  while  delamination  is  caused,  at  least  partially,  by  the  presence  of  the  multiple  trans¬ 
verse  cracks.  Indeed,  the  delamination  plane  in  the  case  of  n  ■  2  resembles  that  for  n  “  1;  and  the  de¬ 
lamination  plane  in  the  n  ■  3  laminate  is  entirely  in  the  25/90  interface.  Also,  for  n  “  3,  the  growth  of 

de lamination  becomes  more  rapid. 

The  laminates  with  "very  thick"  90I1-layer  are  those  for  n  m  4,  6  find  8.  In  all  cases  transverse 

cracks  occur  first  followed  immediately  by  delta-Bhaped  de laminations  emanating  from  the  transverse  crack 

roots.  These  soon  coalesce  to  form  large  scale  25/90  de lamination,  resulting  in  preraatured  laminate 
failure* 

Figure  21(a)  summarizes  the  various  onset  loads  for  each  of  the  laminates  (signified  by  the  value  of 
n) .  Since  the  laminate  stress-strain  response  far  all  cases  is  essentially  linear  until  final  failure,  it 
is  convenient  to  use  the  laminate  tensile  atrain,  ex  as  a  measure  of  the  applied  load.  Note  that  except 
for  n  -  1/2  and  1,  transverse  cracking  is  the  first  sub-laminate  failure  event.  Generally,  growth  of 
multiple  cracks  is  fully  developed,  followed  by  interlayer  delamination.  However,  as  n  >  3 ,  the  load-gap 

between  the  transverse  cracking  and  delaiuination  events  grows  closer.  In  fact,  for  n  -  8,  these  two 

events  are  closely  linked  to  final  laminate  failure. 

Note  also  that  except  for  n  »  1/2,  1,  and  2,  onset  of  de lamination  and  final  tailure  are  separated 
only  by  less  than  5X  of  loading. 

By  means  of  the  energy  model  presented  earlier,  Lav  [56]  conducted  a  computer  simulation  of  the  trans¬ 
verse  cracking  and  delamination  processes  in  the  [+25/90nja  family.  The  numerical  results  are  shown  in 
Figure  21(b),  which  is  superscribed  on  the  experimental  results  shewn  in  Figure  21(a). 

Law  1ms  conducted  four  different  types  of  crack  simulations:  (a)  onset  of  transverse  cracking  in.  the 
90 “-layers  for  all  values  of  n{  (b)  mid-plane  (z  *0),  mode-1  delamination  for  n  -  l/2 ,  1,  2  and  3;  (c) 
25/90  interface  delamination  for  n  •  2,  3  and  4  (the  90°-layer  is  saturated  with  transverse  cracks;  and  is 
represented  by  reduced  moduli);  and  (d)  transverse  crack  root/Cree  edge  delamination  of  Che  25/90  interface 
for  n  -  3,  4,  6  and  8  (aa  illustrated  in  Figure  19). 

It  is  seen  from  Figure  21(b)  that  the  predicted  onset  loads  for  transverse  cracking  agree  well  with 
the  experiment,  while  the  predicted  delamination  loads  (represented  by  3  curves)  form  an  envelope  to  which 
the  experimental  points  fall  below.  Although  the  predicted  delamination  loads  for  n  ■  6  and  8  are  off 
considerably  from  the  experimental  points,  the  energy  analysis  seems  to  capture  the  physical  mechanisms  of 
these  various  failure  modes;  the  analysis  gives  correctly  the  trend  of  the  failure  loads. 

Final  Failure  Mechanisms 


In  the  case  study  discussed  above,  the  sub-laminate  failure  sequence  is  seen  to  lead  to  the  final 
rupture  of  the  laminate.  It  is  generally  thought  that  final  failure  is  determined  essentially  by  the 
strength  of  the  load-carrying  plies;  i.e.  in  the  case  of  the  [+25/90^]^  family,  the  +25-plies  should  carry 
practically  all  the  load.  But,  whut  determines  the  strength  of  the  f25-plies?  And,  is  it  adversely  in¬ 
fluenced  by  the  sub-laminate  cracking  eventu  that  proceeded  the  final  laminate  rupture?  These  questions 
relate  to  the  final  failure  modes  and  their  associated  fracture  mechanisms. 

Grossman  [58]  conducted  recently  an  extensive  experimental  investigation  Intu  the  failure  sequence  of 
several  families  of  laminates  under  uniaxial  tension.  Some  of  his  results  may  help  to  answer  the  above 
questions. 

Consider  first  the  effect  of  thickness  of  the  load-carrying  plieB  by  examining  the  results  in  Table  ]J. 

It  is  noted  that  the  final  fill  lure  mode  of  [+25/;f253a  is  due  simply  to  fiber  breaking  across  the  lami¬ 
nate,  while  the  final  failure  mode  of  [2  ^2/ —252 1  ca  involves  a  sal  or  transverse  crack  in  the  center  core 
(-25^°-layer)  followed  by  multiple  fiber-splitting  in  the  252-lnyor.  In  particular,  there  iy  no  fiber 
breakage  involved  in  the  latter  case,  see  Figure  22, 


Figure  22  Final  Failure  Modes:  (a)  Cross- 
sectional  Fiber  Break;  (b)  25-layer  Transverse 
Cracks;  (c)  3-layer  Fiber  Splits  over  90-layer 
Transverse  Cracks. 


table  .1 


Laninate 

[+25/+25]e 

[252/-252]s 

[+25/+25/902]s 

[25j/-252/902]s 

Laminate 

[+25/902]h 

[+25/908]g 

'V90*1. 

"V9V. 

[+30/90,] 

l  a 

[+30/90J 

—  OS 


Sequence  of  Failure  Modes 

no  transverse  cracking 
no  edge  delamination 
eroso-aection  fiber  break 

single  transverse  crack  in 
-25-layer,  followed  by 
multiple  transverse  cracks 
in  the  +25-layer 

final  failure  involved  no 
fiber  break 

transverse  cracks  in  90-layer 
stable  edge  delamination 

cross-section  fiber  break  in 
the  25-layers 

transverse  cracks  in  90-layer 
rapid  edge  delaaination 

fiber-split  in  25-layer 


TABLE  G 


Sequence  of  Failure  Modes 

transverse  cracks  in  90-layer 
Btable  edge  delamlnatlon 
cross-section  fiber  break  in 
25-layers 

scattered  transverse  cracks 
local  delamlnatlon  from  T.C, 
tip;  combined  with  edge  delaa. 
fiber  split  in  25-layer 
few  fiber  break  in  25-layer 

transverse  cracks  in  90-layer 
no  edge  delamlnatlon 
cross-section  fiber  break  of 
0-layer 

scattered  transverse  cracks 
local  delamlnatlon  fium  T.C. 
tip; 

local  fiber-split  in  0-layer 
above  transverse  crack 
coalesence  of  fiber-splits  in 
0-layer 

final  0-layer  failure 

transverse  crack  in  90#-layur 
stable  edge  delamlnatlon 
crosa-section  fiber  break  in 
30-layer 

transverse  crack  in  90*-layer 
local  edge  delamlnatlon  from 
T.c.  tip; 

fiber  break  In  30-layer 


Total  Load  in  lbs. 


3103(2895-3245) 


occur  at  98%  P 


2272(2001-2480) 

occur  at  80Z  F 
occur  at  90%  Pu 


3040(3001-3250) 

occur  at  90%  P 

occur  at  98%  Pu 
u 

2648(2500-2830) 


Total  Load  in  lbs, 

occur  at  85%  P 

occur  at  95%  PU 
u 

1802(1747-1893) 
occur  at  95%  P 

u 


1606(1500-1660) 
occur  at  80%  P 


5163(4600-5730) 
occur  at  75%  P 

u 


occur  at  85%  V 


4220(4120-4320) 

occur  at  80Z  P 

occur  at  95%  Pu 
u 

1650(1625-1670) 

occur  at  80%  P 

occur  «t  851  Fu 
u 

1622(1620-1625) 
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An  energy  analysis  of  the  respective  failure  modes  indicated  that  the  transverse  cracking  mode  in  the 
[+25/+25]fl  is  suppressed  by  the  actual  thickness  of  the  25"-layer;  there  is  pot  enough  strain  energy  to 
cause  this  failure  mode  at  a  lower  load  level.  Hence,  it  forces  a  fiber  breakage  instead.  However,  by 
doubling  the  layer  thickness,  in  the  case  of  [252/“252Js»  the  transverse  cracking  mode  emerges  at  a  ouch 
lower  load.  The  difference  in  the  failure  modes  results  in  the  difference  in  the  applied  ultimate  loads. 

Clearly,  the  strength  of  the  so-called  “load-carrying"  plies  in  a  laminate  depends  also  on  the  par¬ 
ticular  fracture  modes  that  cause  failure.  In  the  examples  above,  the  ply-thickness  factor  is  seen  again 
to  play  a  profound  role  in  the  final  failure  mechanisms. 

When  the  respective  load-carrying  plies  are  laminated  with  a  90"-layer,  such  as  in  [  +2 5 / ^.2 5 / 90^ ] s  and 
[ 2 52 / —2 52 / 902 3s*  transverse  cracks  in  the  90°-layer  and  edge  delamination  are  found  to  proceed  any  failure 
in  the  2 5 •-plies.  From  the  results  displayed  in  Table  B,  it  is  seen  that  the  sub-laminate  cracking  events 
neither  changed  the  failure  mode  of  the  +25 "-plies,  nor  decreased  the  final  ultimate  loading,  although 
the  presence  of  the  90"-layer  in  [252/-252/902 ]8  slightly  increased  the  laminate  load-carrying  capacity. 

The  reason  is  that  [252^-252ls  has  four  (4)  25*-plies  in  the  core,  while  [252/-252/902 ]8  has  only  two  (2) 
25°-pliea  scattered  by  the  presence  of  the  90°-layer  in  the  core. 

However,  adverse  offects  of  aub-lamlnate  cracking  on  laminate  final  failure  modes  are  seen  from  the 
test  results  displayed  in  Table  C.  Here,  the  failure  modes  in  [+0/ 902 ] s  and  [+0/9Og]s  are  compared.  Note 
that  the  90 "-layer  thickness  In  the  latter  is  exaggerated  in  order  to  separate  widely  the  respective  sub- 
laminato.  crack  modes. 

In  the  cases  of  {(^>/908ls  anJ  [+25/9Gg]e,  the  final  failure  mode  in  the  load-carrying  plies  involves 
multiple  fiber-splitting,  which  ov.?ur  along  the  root  of  a  90*~layer  transverse  crack;  see  Figure  22.  On 
the  other  hand,  there  is  no  f iber-aplitting  in  the  [U2/',02]s  nr  the  (+25/902]8  laminates. 

A  three  dimensional,  stress  analysis  will  show  that  there  is  a  stress  concentration  at  the  90*-layer 
transverse  crack  root;  bath  the  applied  tension  and  thermal  cooling  contribute  to  the  stress  concentration. 
In  particular,  the  size  of  the  stress  concentration  zone  is  proportional  to  the  9Q°-lHyer  thickness;  which 
explains  why  the  considerable  difference  in  the  fitai  loads  between  [02/902]8  anc*  [ O2 / u J  And  between 
[+25/ 902 ] s  and  [+25/90g]8,  <iee  Table  C. 

Fiber-splitting  seems  to  be  the  triggering  failure  mode  In  the  [02/90g]8  And  [+2 5/ 90q] b  laminates. 

The  splitting  mechanisms  is  due  to  the  existence  of  the  tensile  stress  normal  to  the  fibers,  which  is 
magnified  in  amplitude  by  the  90“-layer  transverse  crack  root. 

Similar  stress  condition  also  exists  in  the  [+3Q/90gJa  laminates.  But  in  this  case,  the  tensile 
stress  (normal  to  +30°-fibers)  is  not  large  enough  to  cause  fiber  splitting;  see  also  Table  C.  Ah  a 
relult,  the  final  failure  modes  for  [+30/902]B  und  [+30/90g]g  all  involve  fiber  breaking;  and  their  final 
failure  load  are  essentially  the  same.  Thus ,  a  mere  increase  in  Lhe  angle  from  25°  to  30°  changes  the 
failure  mode. 

Clearly,  the  final  failure  inodes  in  the  "load -carrying"  plies  can  be  influenced  by  nature  from  the 
aub- laminate  crackings.  Moreover,  there  are  probably  a  host  of  other  possible  modes  that  are  competing 
for  dominance.  The  specific  failure  occurrence  In  a  given  laminate  is  generally  determined  by  the  lami¬ 
nation  geometry  as  well  as  the  intrinsic  material  properties.  And,  of  course,  there  are  always  the 
statistical  uncertainties  in  the  •'intrinsic"  material  properties. 


CONCLUSIONS 


This  paper  has  attempted  to  give  an  overview  of  a  fracture  mechanics  approach  to  some  of  the  frequently 
observed  sub-laminate  crackB  in  epoxy-baaed  composite  laminates.  The  laminates  discussed  in  the  puper 
Berved  mainly  to  illustrate  how  a  certain  failure  sequence  is  developed  and  how  the  predictive  model  is 
constructed.  They  are  certainly  not  the  ones  which  may  be  used  in  practical  design  applications.  The  major 
objective  here  is  to  enable  to  see  through  the  various  fracture  mechanisms  and  try  to  understand  them;  to 
this  end,  one  often  had  to  exaggerate  the  geometric  parameters  (e.  g.  the  thickness  of  90°~layer)  in 
order  to  ascertain  their  full  range  of  influence. 

Indeed,  the  field  of  fracture  in  composites  seems  infinitely  complex.  Yet,  numerous  past  and  present 
investigators  have  toiled  the  field  with  many  successes.  And,  new  discoveries  are  being  continuously  made 
to  further  its  advancement.  The  results  reported  in  this  paper  represent  but  one  effort  to  fill  the  dimen¬ 
sional  span  from  micromechanics  to  structural  mechanics  in  composite  failure  analysis. 

REFERENCES 


[1]  Tsai,  S.  W.  and  Halm,  H.  T,,  "Introduction  to  Composite  Materials Technomics,  1980. 

[2]  Starnes,  J.  H.  and  Rouse,  M. ,  "Post-Buckling  and  Failure  Characteristics  of  Selected  Flat  Rectangular 
Graphite-Epoxy  Plates  Loaded  in  Compression,"  Proc.  AIAA/ASME/ASCE/AHS,  22nd  Structures,  Structural 
Dynamics  and  Mater iala  Conference,  1981. 

[3]  Starnes,  J.  H.  and  Williams,  J.  G.,  "Failure  Characteristics  of  Graphite-Epoxy  Structural  Components 
Loaded  in  Comp res a ion,"  NASA-TR-84552 ,  1982. 

[4]  Waddoups,  M.  E. ,  Eisenmann,  J.  R.  and  Kaminski,  B.  E.,  "Macroscopic  Fracture  Mechanics  of  Advanced 
Composite  Materials,"  J.  Comp.  Matls.,  Vol.  5,  1971,  p.  466, 

[5J  Cruse,  T.  A.,  "Tensile  Strength  of  Notched  Composites,"  J.  Comp.  Matls.,  Vol.  7,  1973,  p.  218. 

[6]  Whitney,  J,  M.  and  Nuismer,  R.  J.,  "Stress  Fracture  Criteria  for  Laminated  Composites  Containing 


15-18 


Stress  Concentrations,"  J.  Comp.  Mat Is.,  Voi.  8,  1974,  p.  253. 

[7]  Cooper,  G.  A.  and  Kelly,  A.,  "Role  of  the  Interface  in  the  Fracture  of  Fibur-CoAposite  Materials," 
AS1M  STP  452,  1969,  p.  90. 

[8]  Greszczuk,  L.  B, ,  "Theoretical  Studies  of  the  Mechanisms  of  the  Fiber-Matrix  Interface  in  Composites,' 
AS-tti  STP  452,  1969,  p.  42. 

[9]  Kelly,  A.,  "Interface  Effects  and  the  Work  of  Fracture  of  a  Fibrous  Composites,"  Froc.  Roy.  Soc, , 
A319,  1970,  p.  95. 

[10]  Phillips,  D.  C.  and  Tetelman,  A.  S.,  "The  Fracture  Toughness  of  Fiber  Composites,"  Composites, 

Vol.  3,  1972,  p.  216. 

[11]  Piggott,  M.  R, ,  "Theoretical  Estimation  of  Fracture  Toughness  of  Fibrous  Composites,"  J.  Matl.  Sci, , 
Vol.  5,  1970,  p.  669. 

[12]  Zweben,  C.  and  Rosen,  B.  W.»  "A  Statistical  Theory  of  Material  Strength  with  Application  to  Composite 
Materials,"  J.  Mech  Phys,  Solids.  Vol.  18,  1970,  p.  189. 

[13]  Cor ten,  H.  T.,  "Fracture  Mechanics  of  Composites,"  Fracture,  Vol.  7,  Ed.  H.  Liebowitz,  Academic 
Press,  N.Y.,  19/2,  p.  6/6. 

[14]  Wu,  E.  M. ,  "Application  of  Fracture  Mechanics  to  Anisotropic  Plates,"  J.  Appl.  Mech.,  Vol.  34,  1967, 
p.  967. 

[15]  Kanninen,  M.  F. ,  Rybioki,  E.  F.  and  Brinson,  H.  F. ,  "A  Critical  Look  at  Current  Applications  of 
Fracture  Mechanics  to  the  Failure  of  Fiber-Reinforced  Composites,"  Composites ,  Vol.  8,  1977,  p.  17. 

[16]  Wang,  A.  S,  t, ,  Crossman.  F,  W.  and  Law,  G.  E. ,  "interlaminar  Failure  in  Epoxy-Baaed  Composite 
Laminates,"  Proc.  29th  MFPG  Syuip,  Advance  Composltes-Deslgn  and  Applications,  NBS,  1979,  p.  255, 

[17]  Wang,  A.  S.  D.  and  Law,  G.  E, ,  "An  Energy  Method  for  Multiple  Transverse  Cracks  in  Graphite-Epoxy 
Laminates,"  in  Modern  Lev,  in  Composite  Materials  and  Structures.  Ed.  J.  Vinson,  ASME,  1979,  o.  17. 

[18]  Wang,  A.  S.  D.  and  Crossman,  F.  W.»  "Initiation  and  Growth  of  Transverse  Cracks  and  Edge  Delaminution 
in  Composite  Laminates:  Fart  1.  An  Energy  Method,"  J.  Comp.  Matls,.  Suppl.  Vol.,  1980,  p.  71. 

[19]  Crossman,  F,  W.,  Warren,  W.  T. ,  Wang,  A.  S.  D.  and  Law,  G.  E.,  "Initiation  and  Growth  of  Transverse 
Cracks  and  Edge  Delamination  in  Composite  Laminates:  Fart  2.  Experimental  Correlation,"  J.  Comp. 
Matls.,  Suppl.  Vol.,  1980,  p.  88. 

[20]  Wang,  A.  S.  D. ,  "Growth  Mechanisms  of  Transverse  Cracks  and  Ply-Delamination  in  Composite  Lamina tea ," 
Froc.  ICCM-III,  Vol.  1,  PariH,  1980,  p.  17'*. 

[21]  Crossman,  F.  W.  and  Wang,  A.  S.  D.  ,  "The  l>  tendance  of  Transverse  Cracks  and  Delamination  on  Ply 
Thickness  in  Graphite-Epoxy  Laminates,"  ASTM  STP  725,  1982,  p.  170. 

[22]  Wang,  A.  S.  D. ,  Miller,  11.  R.  and  Chou,  P.  C. ,  "A  Theory  for  Multiple  Transverse  Cracks  in  Composite 
Laminates,"  in  Advances  in  Aerospace  Structures  and  Materials.  Ed.  J.  Vinson,  ASME,  1982,  p.  51. 

[23]  Griffith,  A.  S.,  "The  Phenomena  of  Rupture  and  Flow  in  SolidB,"  Phil.  Trans.  Roy  Soc..  Voi.  A231. 

1920,  p.  163. 

[24]  Irwin,  G.  R. ,  "Fracture  Dynamics,"  in  Fracture  of  Metals.  ASM,  Cleveland,  1948,  p.  147. 

[25]  Orowan,  E.  0.,  "Fundamentals  oi  Brittle  Behavior  of  Metals,"  In  Fatigue  and  Fracture  of  Metals.  W. 

M.  Murray,  Ed.  Wiley  &  Sons,  N.Y.,  1950,  p.  139. 

[26J  MuHkhelishvili,  N.  I.,  "Some  Basic  Problems  From  the  Mathematical  Theory  of  Elasticity,"  Noordhoff, 
Holland,  1953. 

[27]  Sneddon,  I.  N.,  "Integral  Transform  Methods,"  In  Methods  of  Analysis  and  Solutions  of  Crack  Problems. 
Noordhoff,  Holland,  1573,  p.  315. 

[28]  LekhnitBky,  S.  G.  ,  "Theory  of  Elasticity  of  an  Aniaotroplc  Elastic  Body."  Holden-Day,  San  Francisco, 
1963. 


[29]  Rice,  J.  R. ,  "A  Path  Independent  Integral  and  Approximate  Analysis  of  Strain  Concentration  by 
Notches  and  Cracks,"  J,  Appl.  Mech.  Trans.  ASME,  1968,  p,  379. 

[3D1  Bucci,  R.  J.,  Paris,  P.  C. ,  Landis,  J.  D.  and  Rice,  J,  R. ,  "j-integral  Estimation  Procedures in 
Fracture  Toughness.  ASTM  STP  514,  1972,  p.  40. 

[31]  Irwin,  G.  R. ,  "Fracture,"  Handbuch  der  Phys Ik.  Vol.  5,  Spiuger-Verlag,  1958,  p,  551. 

[32]  Rybicki,  E.  F.  and  Kanninen,  M.  F.,  "A  Finite  Elemant  Calculation  of  Stress  Intensity  Factors  by  a 
Modified  Crack-Clooure  Integral,"  Eng.  Fract.  Mech..  Vol.  9,  1977,  p.  931. 

[33]  Wang,  A.  S.  D.  and  Crossman,  F.  W.,  "Some  New  Results  on  Edge  Effects  in  Symmetric  Composite  Lami¬ 
nates,"  J.  Comp.  Matls..  Vol.  11,  1977,  p.  92. 


i 


[34]  Raju,  I.  S.  and  Crews,  J.  H.,  "Three  Dimensional  Analysis  of  l0/90]a  and  [90/0Js  Laminates  with  a 
Central  Circular  Hole,”  Composites  Tech.  Rev. ,  Vol.  4,  1982,  p.  116. 

[35]  Spilker,  F ,  L.  and  Chou,  S.  G.  ,  "Edge  Effects  in  Symmetric  Composite  Laminates:  Importance  of 
Satisfying  the  Traction  Free  Edge  Condition,"  J.  Comp.  Matls.,  Vol,  14,  1980,  p  2. 

[36]  Wang,  S.  Si  and  Choi,  I.,  "Boundary  Layer  F.ffects  in  Composite  Laminates,"  Part  1  and  Part  2,  J. 

Appl.  Me clu ,  Vol.  49,  1982,  p.  541,  p.  549. 

[37]  Isida,  M. ,  "Method  of  Laurant  Series  Expansion  for  internal  Crack  Problems,"  in  Methods  of  Analysis 
and  Solutions  of  Crack  Problems,  Ed.  G.  C.  Sih,  Noordhoff,  1973,  p.  56. 

[38]  Whitcomb,  J,  D. ,  Raju,  I.  S.  and  Goree,  .7,  G  ,  "Reliability  of  the  Finite  Element  Method  Cor  Calculi'*- 
ting  Free  Edge  Stresses  in  Composite  Laminates,"  Computers  &  Structures,  Vol.  15,  p.  23. 

[39]  Cullen,  J,  S.,  "Mode-I  Delamination  of  Unidirectional  Graphite  Epoxy  Composite  Under  Ccnnple  Load 
Histories,"  M.  S.  Thesis,  Texas  A  &  M  University,  1981. 

[40]  Williams,  D. ,  "Mode-I  Transverse  Cracking  in  an  Epoxy  and  a  Graphite  Fiber  Reinforced  Epoxv."  M.  S. 
Thesis,  Texas  A  &•  M  University,  1981. 

[41]  Wilkius,  D.  J.,  "A  Comparison  of  the  Delaminatlnn  and  Environmental  Resistance  of  a  Graphite-Epoxy 
and  a  Graphite-Bimualelniade,"  NAV-GD-0037 ,  Naval  Air  System  Comm.,  1981. 

[42]  Wilkins,  D.  J.,  Eieemuann,  J.  R. ,  Gamin,  R.  A.,  Margolls,  W.  S.  and  Benson,  R.  A.,  "Characterizing 
Delamination  Growth  in  Graphite-Epoxy,"  ASTM  STP  775,  1982,  p.  168. 

[43]  Vanderkley,  P,  S.,  "Mode-I  and  Mode-II  Delaminution  Fracture  Toughness  of  an  Unidirectional  Graphite- 
Epoxy  Composite,1'  M.  S.  Thesis,  "exau  A  &  M  University,  1981. 

[44]  Bascora,  W.  d. ,  Cottington,  R,  L.  and  Timmons,  C.  0.,  "Fracture  Design  Criteria  for  Structural  Adhes¬ 
ive  Bonding  -  Promise  and  Problems,"  Naval  Eng.  Jour.,  Aug.  1976,  p.  73. 

[45]  Wang,  A.  D. ,  Kiahore,  N.  N.  and  Feng,  W.  W. ,  "On  Mixed-Mode  Fracture  in  Off-Axis  Unidirectional 
Graphite-Epoxy  Composites,"  Proc.  ICCM-IV,  Vol.  1,  Tokyo,  1982,  p.  599. 

[46]  Bader,  M.  G,,  Bailey,  J,  E.,  Curtis,  F.  T.  and  Parvizi,  A.,  "The  Mechanisms  of  Initiation  of  Develop¬ 
ment  of  Damage  in  Multi-Axial  Fiber -Reinforced  Plastics  Laminates,"  in  Mechanical  Behavior  of 
Materials,  ICM-3,  Vol.  3,  1979,  p.  227. 

[47]  A v as  ton,  J.  end  Kelly,  A.,  "Theory  of  Multiple  Fracture  of  Fibrous  Compos  1 ten J.  Matls.  Sciences, 
Vol.  8,  1973,  p.  352. 

[4BJ  Reifanider,  K.  L.  and  Masters,  J.  L. ,  "investigation  of  Characteristic  Damage  States  in  Composites 
Laminates,"  ASME  Paper  No.  78-WA-AKKO-4.  1978. 

[49]  Chou,  8,  C. ,  Brockelman,  R.,  Bros.  A.,  Hint on,  V.  and  Shuford,  R.,  "Analytical  and  NDE  Techniques 
for  Determining  Crack  Initiation  in  Graphite-Epoxy  Laminates,"  ASTM  Syrup.  Effects  of  Defects  in 
Composite  Materialu.  San  Francisco,  3982. 

[50]  Juvinall,  R.  C. ,  "Stress,  Strain  and  Strength."  McGraw-Hill,  N.Y.,  1967,  p.  346. 

[51]  Wang,  A.  S.  D.  and  La|,  C.  S.»  "Multiple  Transverse  Cracks  by  a  Monte-Carlo  Simulation,"  (in  press). 

152]  Chou,  F.  C. ,  Wang.  A.  S.  D. ,  and  Miller,  H.  R, ,  "cumulative  Damage  Model  for  Advanced  Compouitc 
Materials,"  AVWAL-TR-82-4083 ,  U.  S.  Air  Force  Wright  Aeronautical  Lab.,  1982. 

[53]  Pinos,  R.  8,  and  Fagano,  N,  J.  ,  "Interlaminar  Stresses  in  Composite  Laminates  Under  ’Jnifona  Axiul 
Tens  Ion,  j.  Comp.  Mat la,,  Vol.  4,  1970,  p.  538. 

[54]  Bjeletich,  J.  G.,  Croasmun,  F.  W.  and  Warren,  W.  J. ,  "The  Influence  of  Stacking  Sequence  on  Failure 
Modes  in  Quau i- 1 ucj tropic  Graphite-Epoxy  Laminates,"  Failure  Modes  in  Composites  -  IV,  AIMP-,  19/9. 

[55]  Rodini,  B.  T.  and  Kisenmann,  J.  K.f  "An  Analytical  and  Experimental  Investigation  of  Edge  Delamina¬ 
tion  in  Composite  Laminates,"  in  Fibrous  Composites  in  Structural  Design,  Ed.  E.  M.  Lenoe,  et.  al., 
I’lcum  Press,  N.Y.,  1978,  p.  441. 

[56]  Law,  G.  E.,  "Fracture  Analysis  of  (+25/90..  j  Graphite-Epoxy  Composite  Laminates,"  Fh.D.  Tliesis, 

Drexel  University,  1981. 

[57]  Wang,  A.  S.  D.  and  Slomiena,  M. ,  "Fracture  Mechanics  of  Dclamination  -  Initiation  and  Growth," 
NADC-TR-79Q56-6Q,  1982. 

[58]  Crossman,  F.  W. ,  "Experimental  Documentation  of  the  Sequential  Failure  Modes  in  Graphite-Epoxy 
Laminates,"  (in  press). 


Acknowledgments .  Many  results  reported  in  this  paper  ware  obtained  in  collaboration  with  Dvs.  F.  W.  Cross- 
man,  G.  E.  Law,  H.  Miller  and  N.  N.  Kishore.  Financial  supports  have  been  provided  by  the  U.  S.  Air  Force 
Office  of  Scientific  Research,  Wright  Aeronautical  Laboratory  and  the  Naval  Air  Development  Center. 


ADP001923 

9.  f 


1 7-1 


THE  SIGNIFICANCE  OF  DEFECTS  AND  DAMAGE  IN  COMPOSITE  STRUCTURES 

by 


R  T  POTTER 

Materials  and  Structuren  Department 
Royal  Aircraft  Establishment 
Farnbo rough 

Hampshire  GUI 4  6TD  —  UK 


SUMMARY 

-  T'Tha  uignificance  of  defects  and  damage  in  fibre  composite  structures  depends  upon  a  wide  range  of 
:i4ions  takon  at  every  stage  of  the  life  of  each  particular  utruoture,  from  luu  initial  design 
conception,  through  detailed  design  and  manufacture,  to  inspection,  maintenance  and  repair  procedure's. 
Since  many  of  those  decisions  interact,  there  is  a  need  for  a  coherent  overall  plulosophy  for  the 
management  of  defects  and  damago  if  fibre  composite  structures  are  to  be  efficient  and  cost-effective. 
In  the  present  Paper  the  general  requirements  of  such  a  philosopliy  are  considered  and  it  is  seen  that 
further  research  is  required  particularly  on  tho  interaction  of  defects  and  damage  with  structural 
features,  Somo  initial  results  and  observations  from  the  RAE  pro/  ramine  dovisod  to  study  such  inter¬ 
actions  are  present  ad. — 


1  INTRODUCTION 

No  matter  how  carefully  designed,  manufactured  and  maintained,  fibre  composite  aerospace 
structures  will  always  be  subject  to  both  manufacturing  and  service-induced  damage.  As  in  raetallio 
b truoturou ,  the  more  severe  defuots  may  reduce  the  strength  or  endurance  of  tho  structure  and  the 
effioiunt  exploitation  of  fibre  composite  materials  will  require  a  rational  approaoh  to  the 
management  of  defects  and  dumugo.  Although  defects  of  any  magnitude  are  undesirable,  many  of  tho 
miorostructural  dofeotu  such  as  the  occasional  broken  or  misaligned  fibre,  will  bo  of  little 
significance.  Clearly,  attention  must  be  foouased  on  those  defects  which  way  affect  tho  performance 
of  praotioal  structures,  and  to  this  end  it  is  necessary  to  define  tho  structural  significance  of  the 
various  types  of  defects  and  damage  that  arc  ooJiBidered  likely  to  occur. 

For  the  purposes  of  thiu  Paper,  a  defect  will  be  defined  an  any  unintentional  looal  variation  in 
physical  or  meohanioal  properties.  Thus,  the  general  term  defect  will  relate  to  all  forms  of  local 
manufacturing  do  foots  and  servioo— induced  damage.  A  utruoturally  oigr.ifioant  defect  cun  ba  defined 
arbitrarily  at  this  stogy  as  that  which,  within  the  expected  lifetime  of  the  structure,  will  reduce 
the  load  carrying  capacity  of  the  structure  to  n  lev?l  lens  than  or  equal  to  tho  design  ultimate  load 
(DUb).  Such  a  definition  does  not  direotly  include  lone  of  etiffnoso  as  a.  criterion  of  failure  but, 
in  relation  to  the  defects  considered  hero,  lose  of  stiffness  will  not  normally  be  significant. 

In  the  present  Paper,  ills  method  by  wliioh  the  effects  of  dofeotu  are  accommodated  in  current 
carbon  fibre  reinforced  plostio  (CFHP)  designs  is  briefly  described  and  the  limitations  of  this  approach 
are  discussed.  By  consideration  of  the  requirements  of  a  more  coherent  approaoh  to  the  management  of 
defeats  and  damage,  it  is  soon  that  furthor  work  is  required  particularly  on  the  interaction  of  defects 
with  structural  features.  Some  initial  results  and  observations  from  an  RAE  programme  devised  to  study 
ouch  interactions  aro  described, 

2  CURRENT  DESIGNS  AND  THE  EFFECTS  OF  DEFECTS 

To  illustrate  the  current  design  approach,  consider  tho  design  oi  wing  skin  panels,  Suuh  panels 
are  the  primary  load  carrying  members  of  a  wing  and  usually  contribute  more  than  hulf  of  the  total  wing 
structure  mass.  They  must  react  diroot  loads  duo  to  wing  bending  and  sheur  loads  due  to  wing  torsion 
and,  in  addition,  they  must  react  the  out-of— piano  loads  due  to  aerodynamic  effects,  internal  pressure 
and  tho  inertia  of  the  fuel. 

Consider  the  design  requirements  for  direct  loading  duo  to  wing  bending.  Figuru  1  shows  u  typical 
element  of  a  wing  Bkin  panel  which  contains  a  row  of  bolt  holes  used  to  attach  the  skin  to  the 
uubutruoturu.  The  primary  funotion  of  the  attachments  is  to  provide  panel  stability  in  compression  and 
to  reaot  the  aforementioned  out— of  piano  loadu.  The  in-plane  bearing  loads  on  these  boltB  is  generally 
small  and,  to  first  approximation,  we  may  consider  tlio  clement  to  contain  a  serieu  of  filled  but 
unloaded  holes.  Tests  on  composite  specimens  containing  holes  allow  that,  in  tension,  room  temperature 
static  strength  will  be  critical,  whilst  in  compreBoion,olevated  temperature  fatigue  loading  in  the 
presence  of  moisture  will  limit  performance.  Quaai-etatio  tensile  tests  on  carbon  fibre-epoxy  resin 
composites  tend  to  show  that  the  overall  tensile  strain  along  tho  row  of  bolts  must  be  limitod  to  about 
4000  mi  ciaoil  train.  Similarly,  elevated  temperature  compreusive  fatigue  teste  on  environmentally 
conditioned  specimens  indicate  an  overall  compressive  strain  limitation  of  about  —4000  microfltrain 
along  the  row  of  bolts.  Strain  compatibility  requirements  of  tho  complete  element  impose  the  same 
tensile  and  compresuivo  Btruin  limits  on  the  material  remote  from  the  row  of  bolts  even  though  the 
unperforated  material  could  generally  sustain  strains  of  more  than  twice  that  magnitude. 

Designs  incorporating  features  such  as  softening  strips  along  the  line  of  boltB  have  been 
proposed  to  overcome  this  limitation  but  it  is  recognised  that  some  allowance  must  be  made  for  the 
effects  of  defects  and  damage  and,  in  the  absence  of  sufficient  data  to  justify  the  use  of  higher 
strain  levels  in  the  unperforated  material,  such  techniques  have  not  boon  vigourouuly  pursued. 
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The  design  allowable  strain  limit  of  about  +4000  raicrostrain  has  been  widely  adopted  as  the 
primary  method  of  accommodating  dofects  and  damage  in  those  areas  of  C?RP  structures  subject  to  near 
uniform  in-plane  stress.  However,  whilst  recent  experiments  on  the  effects  of  typical  defects  on 
material  properties  suggested  this  limit  to  be  of  the  right  order,  it  should  bo  noted  that  it  wan  not 
derived  from  consideration  of  the  effects  of  defects  and  damage  and  is  not  therefore  directly  related 
to  the  probability  of  occurrence  of  defects  or  damage  of  any  particular  severity. 

In  areas  of  non-uniform  stress  induced  by  structural  features,  the  situation  is  moru  ooniplex 
since  tho  significance  of  a  given  type  of  defect  is  likely  to  vary  according  to  its  location  with 
respect  to  the  perturbed  stress  field.  Currently,  quantitative  prediction  of  the  interaction  of 
dofects  with  structural  features  can  not  be  achieved  by  analytical  methods  and  such  interactions  must 
be  evaluated  by  experiment.  For  the  more  common  structural  features  such  as  bolted  and  bonded  joints, 
angled  sections  etc.,  data  on  the  effects  of  commonly  occurring  defects  is  gradually  being  accumulated. 
However,  the  interaction  of  defects  with  features  whose  geometry  tends  to  bo  specific  to  a  particular 
design,  or  features  which  give  rise  to  only  limited  stress  concentrations  have  received  little  attention. 
In  consequence,  there  io  no  woll-on tabli shod  design  procedure  and  oacli  design  authority  tonds  to  apply 
different  rules  derived  from  the  looally  available  data. 

3  REQUIREMENTS  OF  A  GENERAL  DESIGN  PHILOSOPHY 

3* 1  General  Requirements 

From  the  above  douoription  of  tho  ourrent  dosign  approaoh,  which  has  of  necessity  been  of  a  brief 
and  generalised  nature,  it  io  evident  that  there  is  ourrent ly  no  coherent  overall  design  philosophy  for 
acooiumodubing  the  effects  of  defects  and  damage  in  composite  structures.  Apart  from  the  general  use  of 
a  design  allowable  strain  limit  in  areas  of  uniform  utrosu,  the  approaoh  has  generally  boon  of  an  ad— hoc 
nature.  Indeed  even  the  design  allowable  strain  limit  has  not  boon  derived  specifically  from  tho 
consideration  of  defects  and  damugo.  Thun  for  current  dcuignn,  the  types  and  severity  of  defoots  and 
damage  which  are  structurally  significant  aro  not  directly  related  to  thoir  probability  of  occurrence. 
Furthermore,  many  of  the  experimental  programmes  aimed  at  evaluating  the  effects  of  defects  have  been 
concerned  merely  with  demonstrating  the  adequacy  of  oxiuting  dosignn  to  tolerate  the  types  of  defoota 
and  damage  which  might  ba  expected  to  ooour.  This  approaoh  is  unlikely  to  load  to  the  most  efficient 
use  of  i’ibro  composites  materials  in  aoroupaoe  structures.  In  some  areas,  current  designs  may  be  too 
conservative  and  hence  inefficient,  whilst  in  other  arena  they  may  bo  unuonoorvativc  and  necessitate 
frequent  inspection  and  repair. 

The  primary  aim  of  future  work  on  tho  effects  ef  dofects  should  be  to  gonerute  tho  data  and 
understanding  that  will  allow  the  formulation  of  a  ooherunt  ovorall  design  philosophy.  Such  a 
philosophy  would  incorporate  tho  following  elements:— 

u.  Assessment  of  the  probability  of  ooourronoo,  the  probable  severity  and  locations  of  the 
various  types  of  defects  and  damage. 

b.  Prediction,  or  if  ncoossury  experimental  measurement ,  of  the  effects  on  the  performance 

of  materials  and  structures  of  thcoo  defects  considered  likely  to  ooour,  including  cons idurat ion 
of  damage  growth. 

c.  Auuesumont  of  inspection  and  repair  capabilities  in  rulation  to  these  defeats, 

d.  Derivation  of  design  allowable  stresses  or  strains  in  materials  and  structural  elements 
to  uchievo  a  balance  betwoon  maximum  structural  uffioionoy  and  minimum  inspection,  maintenance 
and  repair  requirements. 

Clearly,  some  of  the  information  required  to  develop  and  implement  such  a  design  philosophy  is  not 
currently  available.  P^n-covcr,  it  might  bo  argued  that,  at  certain  structural  locations,  tho  stresses 
may  be  ultimately  limited  by  factors  other  than  the  offeots  of  dufuotu.  Nevertheless,  the  performance 
of  structural  foaturau  generally  will  be  limited  by  defects  and  the  approaoh  advocated  above  should  be 
conuidorod  in  tho  formulation  of  futuro  researoh  programmes.  Detailed  discussion  of  the  various  oloinontu 
of  this  approaoh  io  beyond  thp  scope  of  this  Paper,  but  the  extent  of  available  data  related  to  this 
philosophy  iu  oonuidered  briefly  in  tho  following  fleotions. 

3.2  Common  Dofeot  Typos  and  Locations 

Re liable  data  consuming  the  probability  of  occurrence  of  particular  types  of  dofects  and  damage, 
including  information  on  tho  likely  severity  and  location,  will  be  accumulated  only  through  an  in-depth 
evaluation  of  manufacturing  and  service  experience.  Initial  experience  of  oarbon  fibro/opoxy  resin 
corapositoa  suggests  that  there  is  a  limited  range  of  commonly  ooourring  dufectu  and  these  are  often 
associated  with  particular  structural  features.  For  example,  voids  often  occur  at  onglod  sections  due 
to  inadequate  consolidation  in  Uio  oonoave  corners  of  moulds.  Fibre  kinks  also  occur  at  these  locations 
due  to  the  folding  of  the  pro impregnate.  Machining  and  assembly  damage  most  frequently  ooour  at 
foal  urea  suoh  as  out-^uts  and  bolted  joints  whilst  rough  handling  usually  results  in  damago  to  tho  froe 
edges,  Service-induoad  damage  such  as  that  duo  to  local  impacts  may  occur  at  many  points  on  the 
structure,  but  the  rogions  around  a,ooeBB  panels  and  attachment  points  are  particularly  prone  to  low 
velocity  impacts  whilst  external  lower  surfaces  and  leading  edges  aro  prone  to  higher  velocity  impacts 
from  objects  suoh  as  runway  stones.  Local  heating  damage  is  clearly  most  likely  in  regions  of  the 
structure  surrounding  cngin.cc  or  in  areas  affected  by  efflux  from  engines  or  weapons. 

The  above  liot  of  defects  and  their  likely  locations  is  not  exhaustive  but  it  does  contain  many  of 
thoae  that  are  currently  considered  most  likely  to  occur  and  whose  significance  should  be  considered. 


3.3  The  EffectB  of  Defects  on  Structural  Performance. 

In  flat  structural  panels  under  uniform  in-plane  loading  the  structural  significance  of  defects 
may  ho  determined  without  reforonce  to  the  particulu2'  structural  form  simply  in  terms  of  the  known 
effeota  on  material  properties.  Thus,  a  method  similar  to  the  current  strain  limit  approaoh  will 
almost  certainly  continue  to  be  used  for  the  accommodation  of  defects  in  these  areas.  As  indicated 
above,  the  significance  of  defects  adjaoent  to  particular  structural  features  is  more  difficult  to 
assess,  their  effects  being  dependent  upon  a  number  of  factors  such  as  the  location  and  relative  size 
of  the  defect  with  rospeef  to  the  feature.  There  is  a  wide  range  of  potential  defect/feature  inter¬ 
actions  and  those  that  are  likely  to  be  structurally  significant  may  generally  be  deduced  from 
consideration  of  the  stresses  induced  in  any  given  featuro  and  the  known  effoots  of  defects  on  the 
material  properties.  Some  of  the  more  common  interactions,  such  as  those  of  defectB  associated  with 
mechanical  joints,  have  boon  investigated  in  particular  research  programmes,  see  for  example  References  1 
and  2.  However,  defects  associated  with  structural  features  that  tend  to  bo  specific  to  partioular 
designs  or  with  minor  features  that  give  rise  to  interlaminar  stresses  or  to  out-of— plane  bending  momenta 
have  reoeived  little  attention.  Clearly,  these  latter  features  could  be  particularly  sensitive  to 
defects  affecting  interlaminar  integrity  and  further  work  is  required  in  this  area, 

3.4  Inspection  and  Repair  Considerations 

I.iupaction  of  oompooito  structures  during  manufacture  is  likuly  to  be  tojri  thorough  than  that 
which  may  bo  achieved  in  yorvico,  and  it  seems  likely  that  the  routine  use  of  tcolmiquee  such  as  ultra— 
sonic  scanning,  perhaps  backed  up  by  other  techniques  which  will  yield  information  on  oomplex  shaped 
components,  will  allow  the  identification  of  moBt  structurally  significant  manufacturing  defects, 
Experimental  evidenoo  derived  from  essentially  flat  coupon  specimens  BuggestB  that  current  manufacturing 
acceptance  oritux'la,  which  wore  largely  determined  on  the  basis  of  the  manufacturing  quality  that  could 
readily  be  achieved  and  the  defects  which  could  be  reliably  dotooted,  appear  to  be  sufficiently 
conservative  to  virtually  oliminatu  thu  majority  of  structurally  significant  manufacturing  defects  in 
moBt  surface  structure.  There  is  less  data  applicable  to  substructure,  but  it  is  possible  that,  at 
ourront  dosign  levels,  any  requirement  to  accommodate  manufacturing  defects  in  design  could  be  based  on 
the  cost  effectiveness  associated  with  the  accept/  vo  jecl/reoover  by  repair  criteria  applied  to  the 
manufacturing  processes. 

Clearly,  Bui'Vioo-induced  damage  oannot  be  eliminated  in  the  same  manner  and  the  minimum  design 
requirement  must  be  th«t  thu  damage  should  not  become  structurally  significant  before  it  can  be 
detected  by  routine  inspection.  Thus ,  irk-eorvice  inspection  uotliodu  will  form  an  integral  feature  of 
a*y  coherent  philosophy  for  the  management  of  defects  and  damage.  Of  corn’s e,  there  will  be  several 
levels  of  inspection,  from  the  frequent  visual  oheok  of  the  external  surfaoes,  through  the  muro  thorough 
inspection  during  routine  maintenance,  to  the  detailed  inspection  possible  during  a  major  overhaul.  It 
follows  that  for  u  given  typo  of  dofoot,  thu  designer  must  allow  for  a  maximum  acceptable  size  which  is 
defined  by  the  damage  growth  rate,  the  frequency,  sensitivity  and  reliability  of  inspection  at  the 
various  levels,  Some  areas  of  the  structure  may  bo  more  highly  stressed  or  more  oritical  than  others 
so  that  defect  acceptance  criteria  and  inspection  requirements  may  vary  from  one  region  to  another. 
In-uervioe  inspection  mothods  are  discussed  in  detail  by  Stone  and  Glnrke^  but,  in  general,  inspection 
will  bo  a  two  stage  prooess.  The  primary  inspection  will  unable  the  rapid  scanning  of  the  utruoture 
to  locate  defooto  above  a  oertain  predetermined  size.  Tho  secondary  inspection  will  employ  technique.' 
capable  of  more  detailed  analyuiu  to  oiiaraoterizu  and  measure  both  the  aro&  and  through- Mil okness 
location  of  tho  defects  and  damuge  identified  by  the  primary  inspection.  This  data  may  then  be 
compared  with  the  defect  acceptance  criteria  for  tho  partioular  area  of  the  utruoture, 

A  design  philouophy  based  upon  the  ability  to  reliably  detect  defects  and  damage  before  they 
buooiue  structurally  significant  implies  thu  ready  uvailability  of  suitable  repair  teoluiiquas.  Some 
techniques,  ouch  as  adhesive  injection  to  repair  de laminations ,  may  prove  to  be  sufficiently  simple 
and  reliable  to  be  used  relatively  frequently.  But  in  genoral  frequent  repair  is  unlikely  to  prove 
a  cost  effective  way  of  controlling  tho  effects  of  defects  and  damage  and  the  design  aim  should  be  to 
koop  the  frequency  and  complexity  of  repairs  to  a  minimum. 

4  RAE  EXPERIMENTAL  PROGRAMME 

4.1  Genoral  Objectives. 

As  indicated  in  Suctions  2  and  3,  it  is  observed  that  there  is  little  datu  concerning  the 
interaction  of  do  foots  with  certain  structural  features  ai.d  that  design  for  those  effects  tends  to  be 
of  an  ad-hoo  nature.  One  of  tho  major  problems  is  that  many  structural  features  tend  to  be  specific  to 
particular  designs  so  that  the  applicability  of  th«  available  data  ie  often  difficult  to  assess.  The 
objective  of  tho  RAE  programme  iu  therefore  to  investigate  a  limited  range  of  defect/ feature  interactions 
and  to  auueuu  tho  extent  to  which  such  interactions  may  bo  related  to  tho  effects  of  similar  defects  in 
plane  panulb  subject  to  uniform  stress. 

Two  types  of  structural  feature  which  commonly  ocour  in  skin  structure  were  selected  for 
evaluation  and  these  wore  tapered— thickness  elements  and  out— cuts.  The  first  of  these  features  gives 
rise  to  interlaminar  utreBSeB  and  the  second  generates  substantial  i»-plane  otrcsQ  concentrations. 

These  features  were  subjected  to  impact  damage  since  this  is  a  primary  concern  for  skin  structure. 
Composite  subutiucturo  was  represent od  by  an  I—' boom  element  loaded  in  3—point  bunding.  For  Ihiu  type 
of  element,  damugo  growth  from  manufacturing  defects  will  probably  be  more  significant  since,  being 
internal,  it  io  both  loos  prone  to  impact  and  more  difficult  to  inspect. 

4.2  Tapered  Thioknooa  Elements 

Tho  tapered— thickness  specimens  wore  manufactured  from  Fibrudux  9^4/XAS  preimpregnate  with  a  basic  ply 
stacking  sequence  [  (o,+45,  — 45,  90)^'^  •  This  lay— up  wa£  selected  Binne  it  contained  the  four 
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commonly  used  ply  orientations  in  proportions  whifh  w»»r»*  not  untypical  of  structures  su>')i  u>  wing  akin*.-. 
The  b;usir  l.-unin.-it*’  contains!  3?  pliec,  plies  9  to  *9  and  plies  2fj  to  2$  being  iir continuous  mJ  therefor- 
riving  rise  to  thn  taper.  Tho  lamina  ten  were  cured  on  a  flat  plate  ao  that,  as  will  generally  occur  in 
practice,  one  face  remained  plane.  Two  plies  wer--  dropped  every  h  mm  *o  give  a  taper  which  was 
considered  to  represent  abort  the  moot  unver*  taper  likely  to  be  used  in  practice  and  which  is 
considerably  more  tie  Vo  re  than  that  used  in  wing  skin  demons  such  as  that  of  the  A  V-&13, 

Ilpuoimcnjs  were  subjected  to  S  Joule  impactn  from  a  6  mm  uteri  ball  projected  from  a  compress'*  j  ,-jxr 
(Pin,  the  oneiyy  level  being  appropriate  to  a  typical  runway  stone  impact.  T ho  ball  ‘..as  fired 
perpendicular  to  the  flat  face  producing  damage  which  was  barely  visible  from  the  impacting  surface, 

Tne  internal  damage  was  roughly  conical  in  shape  as  illustrated  in  Figure  2,  The  maximum  area  of 
delami nation  occurred  near  the  i*ear  face  of  the  laminate  and  was  about  30  mm  diameter.  Fr autographic 
analysis  of  the  damaged  region  showed  that  the  shape  of  the  delamihat ion  -l  each  ply  interface  w.u;  a 
function  of  the  fibre  orientation  in  the  adjacent  plieo.  Dolaminntion  tended  to  spread  along  the  axes 
of  maximum  stiffness  so  that  the  greatest  ai’oa  of  damage  tended  to  occur  between  orthogonal  plies.  The 
impacting  sphor"  produced  a  small  indentation  on  the  surface  which  was  visible  to  the  naked  “ye  but 
fibre  fractures  were  not  obvious.  Microscopic  examination  revealed  however,  that  there  were  a 
significant  number  of  broken  fibres,  say  a  tut.-il  of  a  few  hundred,  in  the  I  two  or  three  pli.-ji, 

'l’ho  initial  results,  presented  in  Table  1,  chow  that  under  fuusi-ctat  i  ■  tensile  loading  the 
undamaged  taper  has  little  effect  on  the  strength  of  the  specimen;  the  stress  achieved  in  the  material 
at  the  thinner  *-nd  of  each  specimen  reached  about  JlJjL  of  the  material  strength.  The  impact-damaged 
specimens  achieved  only  about.  Qj#-  of  tliu  material  strength  but  it  was  observed  that,  in  the  abuuri<  "  of 
the  taper,  impact  damage  alone  produced  a  similar  drop  in  strength. 

To  ensure  damage  growth  in  the  tensile  fatigue  tests,  a  high  peak  load  was  chosen,  the  aim  being 
-imply  to  compare  damage  growth  from  the  impact  at  the  tapered  section  with  that  from  the  impart  in  Lho 
thinner,  plane  section.  A  peak  load  equal  to  8o£  of  the  static  ntrongth  ol*  the  Uuiiaged  specimens  was 
therefore  chosen.  Only  two  specimens  have  so  far  been  tested,  one  of  which  contained  impact  d«unagc. 
After  10,000  oyolou  the  uninipaeted  specimuu  exhibited  damage  in  the  region  of  the  taper  across  the 
Axil  width  ol‘  the  specimen.  Ultrasonic  fr-woujm  showed  that  most  of  the  d; image  ooeurt »*d  at  tlie  ends  of 
Lht!  discontinuous  plies.  After  100,000  eye  leu  the  damage  had  extended  considerably  towards  the  thicker 
end  of  the  specimen  no  shown  in  Figure  3.  similar  fatigue  d.'unage  was  observed  at  the  tapor  of  the 
impact-damaged  specimen,  a o  may  bo  neon  from  Figure  4.  liowov?r,  then*  woe  no  evidence  of  damage  growth 
from  >>jlh«\r  impact.  Indeed  a  1 1  iru  o— di mu  n»  iol»u  1  image  of  the  damage  at  the  taper  after  10,000  cycles, 
which  iu  illustrated  in  Figure  lj  and  was  generated  from  about  ^  separate  B-euanu,  indicates  tlu  t  the 
presence)  of  the  impact  damage  may  even  have  tended  to  inhibit  tl  formation  of  fatigue  damage  at  the 
ply  discontinuities  since  the  two  forms  ol‘  damage  do  not  merge  into  uftch  othur.  The  most  likely 
explanation  for  this  effect  is  that  the  impact  damage  caused  a  local  doorcase  in  axial  stiffness  and 
tliat  the  axial  stress  at  the  centre  of  the  specimen  was  therefore  reduced.  Fenetrunt— enhanced  X— ray 
images  tend  to  confirm  this  hypothesis  since  thu  cracking  of  tho  90  degree  plies,  which  is  known^  to 
bo  a  good  indicator  of  local  strain  level,  wus  considerably  more  oevors  at  thu  fruu  udgoa  of  the 
impacted  specimen  than  at  those  of  tlie  unimpacted  specimen  whilst  the  nrauking  at  the  centre  was  much 
loss. 


Tlie  peak  loads  used  in  the  above  tests  wore  sufficient  to  induce  a  strain  of  about  7900  micro- 
strain  in  the  thinner  end  of  each  opecimun,  a  luvel  which  corresponds  to  about  twiuu  tho  currently 
accepted  1)UL.  A  further  impacted  specimen  wus  therefore  subjected  1  )  100, noO  cyulcB  at  4000  minro- 
u train  after  which  no  damage  could  bo  detected  by  ultrasonic  C^jcan.  On  the  basis  of  thu  present 
evidence,  it  would  therefore  appear  that  undor  purely  tensile  loading  to  current  duuign  levels  there 
is  unlikely  to  be  any  structurally  significant  interaction  between  buruly  visible  impact  damage  and 
tapered  thickness  sections.  Thu  static  performance  was  limited  by  the  impact  damage  but  was  not  made 
worse  by  the  presence  of  tlie  taper,  whereas  the  fatigue  performance  woo  limited  by  the  taper  and  this 
woo  not  made  Worse  by  tho  pros ones  of  impact  damage. 

In  compression,  it  wtui  necessary  to  stabilise  ihu  pom- In  ••r»J  tin  they  wore  bomb'd  to  an  aluminium 
honeycomb  no  re  to  form  column  specimens  as  shown  in  Figure  6.  Tit"  panels  were  oriented  so  us  to  keep 
the  flat  faces  on  tlie  outside  as  would  generally  occur  in  practice.  In  order  to  maintain  a  cons  tun t 
core  thickness,  and  hence  simplify  specimen  manufacture,  thu  face  panels  wurn  rotuted  so  that  thu 
thicker  section  on  one  fm.tj  was  opposite  tho  thinner  suction  on  tlie  other.  Measurements  of  the  lateral 
displacement  under  load  demonstrated  that  the  specimen  reoainud  stable  up  to  failure  and  that  the 
rovers ud  orientation  of  thu  face  panels  did  not  give  rise  to  any  undesirable  bending  effects.  Impact 
damage  woe  produced  in  thu  Borne  way  us  for  the  tensile  specimens  and,  although  thu  support  conditions  for 
thu  composite  wore  a  lightly  modified  by  the  presence  of  tho  honeycomb,  the  damage  waa  obaervod  to  bu  very 
similar.  It  was  noted  that  tho  impuct  caused  some  local  disbonding  of  the  honeycomb  core  ovor  an  area  of 
about  2 Jj  :nm  diomutoi'. 

At  the  timu  of  writing  there  are  few  results  available  but  it  has  been  observed  that  impact  damage 
reduced  tlm  cunipreoaivu  strength  of  the  tapered  specimen  to  about  66#  of  the  strength  of  the  undamaged 
specimen.  This  reduction  in  strength  io  consistent  with  the  known  effects  of  impacts  on  untaper ud 
panels11  and  resulted  in  a  strain  at  failure  of  about  4900  micros  train  in  the  thiruior  end  of  the 
spooimon.  Fatigue  loading  wob  again  carried  out  at  a  peak  b tress  of  8o #  of  the  strength  of  the 
impacted  specimen  Qo  as  to  enablo  tho  comparison  of  damage  growth  in  the  piano  and  tapered  sections. 

This  load  ’ovd  gavu  rise  to  u  strain  of  about  3900  miuroatrain  in  the  thinner  section  which 
correspond  d  approximately  to  values  currently  associated  with  DUL.  Figure  7,  which  haa  buon 
prepared  from  a  series  of  ultruaoni"  C-soans,  shows  the  extent  of  damage  both  in  the  tapered  and  piano 
auctions  at  various  numburu  of  oycles.  Purliapu  uurpriuingly  it  may  be  seen  that  tho  damage  at  the  taper 
appears  to  have  grown  loss  tnan  that  at  the  thinner  section.  During  loading,  out^f-^lune  deflection  of 
the  surface  plies  was  monitored  using  a  shadow  moire  technique  and  this  proved  to  be  a  very  e.1  uctivo 
indicator  of  the  area  of  damage.  This  technique  will  therefore  be  used  more  extensively  during  tho 
remainder  ol  the  programme  to  reduce  the  amount  of  effort  deployed  nn  ultrasonic  nn*r*iing.  After  c>000 
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cycles  the  loading  was  terminated  to  allow  detailed  fraciographic  analysis.  The  damaged  areas  were 
studied  by  removing  individual  plies  and  recording  the  damage  at  each  interface.  An  example  of  the 
damage  observed  by  this  method  is  presented  in  Figure  8,  from  which  the  area  of  delaoination  may  be 
clearly  seen.  It  was  deduced  that  the  damage  growth  occurred  primarily  between  the  +45  and  -^5  degree 
plies  nearest  the  outer  surface.  Farther  from  the  surface  there  was  very  little  evidence  of  damage 
growth  due  to  fa+igue;  the  damage  at  each  interface  was  observed  to  be  remarkably-  similar  to  that  of  a 
specimen  which  had  not  been  loaded.  It  v:ould  seem  therefore  that  the  damage  grew  only  where  significant 
out-of-plane  deflection  was  possible  and  that  the  stabilising  effect  of  the  adjacent  plies  or  the 
honeycomb  was  sufficient  to  prevent  damage  growth  in  the  body  of  the  laminate  even  though  the  original 
delaminated  area  may  have  been  considerably  greater  than  that  near  the  outer  surface.  A  second  specimen 
also  exhibited  damage  growth  at  both  the  tapered  and  the  plane  sections  but  failed  at  the  taper  after 
only  622  cycles. 

To  assess  the  extent  to  which  the  honeyoorab  may  have  inhibited  damage  growth  in  the  above 
specimens  it  is  proposed  to  test  tapered-t hickness  panels  using  a  panel  buckling  rig.  Initial  trials 
have  been  carried  out  on  panels  measuring  350  mm  by  110  nun  in  which  the  ends  were  fully  clamped  and  the 
sides  were  simply  supported,  giving  a  free  area  of  300  mm  by  100  mm.  The  out-of-plane  bending  moment 
duo  to  the  presence  of  the  taper  oaused  significant  latoral  deflections  as  soon  as  load  was  applied  and, 
whilst  it  is  believed  that  the  panels  did  not  suffer  conventional  instability,  there  is  little  doubt 
that  the  deflections  were  sufficient  to  significantly  affect  looal  strains  and  panel  strength.  Quasi- 
static  loading  resulted  in  failure  at  an  effective  mid-plane  strain  in  the  thinner  section  of  about 
3700  microstrain.  The  significance  of  this  single  result  is  difficult  to  assess  at  this  stage  of  the 
programme  particularly  since  the  lateral  deflect ions  were  larger  than  expected  and  could  be  untypical 
of  practical  structures,  but  it  is  evident  that  further  work  is  required. 

4. 3  Cut-outs 

The  panels  used  in  this  part  of  the  programme  were  again  manufactured  from  Fibredux  914/XAS 
preimpregnate  and  had  a  fibre  lay-up  |(0,  +45»  "^45»  90)5 Is.  The  panels  wore  tested  in  the  buckling  rig 
briefly  described  above.  Measurements  of  lateral  deflections  showed  that  the  panels  did  not  buckle  but 
the  limited  free  area  between  the  supports  prevented  the  evaluation  of  cut-outs  greater  than  about  25  nun 
diameter. 

Panels  with  25  mm  circular  cut-outs  were  subjected  to  5  Joule  impacts  from  a  drop— weight  having  a 
6  mm  iip  radius.  This  energy  corresponds  approximately  to  that  of  a  heavy  spanner  (500  g)  dropped 
through  about  a  metre,  the  type  of  impact  considered  quite  likely  in  the  region  of  an  access  hole.  It 
was  found  that  if  the  specimen  were  supported  on  a  solid  block  of  CFftP  the  damage  was  ooncentrated 
within  an  area  of  about  IQ  mm  diameter.  Although  such  a  test  may  not  be  regarded  as  fully  representative 
indeed  the  damage  only  spread  half-way  through  the  laminate  thickness,  it  was  thought  that  the  small  area 
of  damage  relative  to  the  out-out  would  allow  a  better  evaluation  of  the  significance  of  damage  location/ 

Under  quasi-etatic  loading  the  undamaged  panels  failed  at  a  field  strain  of  about  58OO  microBtrain. 
Impact  at  the  point  marked  A  in  Figure  9  resulted  in  no  .eduction  in  panel  strength.  At  this  impact 
location  the  primary  stress  i3  a  lonsilo  stress  tangential  to  the  edge  of  the  bole  and,  in  view  of  the 
limited  effect  of  impact  damage  on  ter/iile  strength  this  result  is  perhaps  not  surprising,  impact  damage 
at  the  point  marked  B  in  Figure  9  reduced  the  strength  to  about  90$  of  that  of  the  undamaged  panel.  The 
limited  magnitude  of  the  effect  is  prooably  due  to  tne  aforementioned  fact  that  the  damage  affected  only 
half  of  the  laminate  thickness. 

CompreBsive  fatigue  loading  of  damaged  panels  was  carried  out  at  a  peak  stress  equal  to  80$  of 
the  static  strength.  For  the  specimen  impacted  at  point  A  (see  Figure  9)  the  p  '.oad  gave  rise  to  an 
overall  strain  of  about  4600  microstrain  but  there  was  no  damage  growth  from  the  ..»j*act.  Instead, 
fatigue  damage  spread  from  the  sides  of  the  notch  until  after  about  4000  cycles  a  relatively  large 
delamination  occurred  near  one  face  of  the  panel  over  the  area  indicated  in  Figure  10.  A  penetrant 
enhanced  X-ray  image  confirmed  that  the  impact  damage  and  the  fatigue  damage  were  physically 
unconnected. 

Impact  Carnage  at  the  point  marked  L*  in  Figure  9  initiated  fatigue  damage  growth  (at  an  overall  strain 
of  about  4200  microstrain)  as  indicated  in  Figure  11  and  after  1000  cyc'leB  there  were  also  the  first 
signB  of  fatigue  damage  on  the  opposite  (unimpacted)  side  of  the  cut-out.  It  is  of  interest  to  note 
that,  whereas  in  the  tapered  specimens  the  damage  grew  laterally  under  fatigue,  damage  growth  from  the 
impact  damage  at  the  compressive  stress  concentration  due  to  the  cut-out  tended  to  grow  along  the 
specimen  axiB,  Ibis  effect  is  almost  certainly  due  to  the  localised  nature  of  the  compressive  stress 
concentration. 

The  few  result3  generated  so  far  confirm  that  the  significance  of  defects  and  damage  associated  with 
cut-outs  is  strongly  dependent  upon  deiect  location.  Due  to  test  limit at io no  the  data  are  not 
quantitatively  relevant  structural  design  and  it  is  likely  that  the  effects  could  be  nor*;  pronounced 
in  thinner  panels ,  or  with  larger  cut-outs ,  or  with  more  severe  damage. 

4.4  1— beams 

The  I-beam  specimen,  which  is  illustrated  in  Figure  12,  was  manufactured  from  two  Fibredux 
914/XAS  channel  sections  ha/ing  at  +45  degree  fibre  lay-up.  The  reinforcements  at  the  loading  points 
were  co— cured  with  the  channel  sections  and  the  channels  were  subsequently  bonded  back— to— back  before 
finally  bonding  the  tapered  caps. 

Under  quasi-etatic  loading  failure  oocurred  in  the  defect-free  I-beam  when  the  shear  strain  at  the 
centre  of  the  ./eb  was  about  7500  microstrain.  The  measured  sti'ains  indicated  a  Bmall  stress 
concentration  at  the  point  marked  A  in  Figure  12  such  that  the  shear  b train  reached  about  8000  micro- 
strain,  These  strain  levels  are  considered  reasonable  since,  in  attempts  to  measure  the  shear  properties 
of  +45  degree  CFRP,  strains  significantly  greater  than  this  are  difficult  to  achieve  due  to  the  stress 


concentrations  associated,  with  the  method  of  load  introduction.  The  failed  beam  is  illustrated  in 
Pibure  13  from  which  it  may  be  seen  that  damage  ocourred  both  in  the  Bhear  web  and  in  the  cap  which  was 
subjected  to  compressive  streGS,  Fractographic  analysis  revealed  that  failure  was  initiated  by  a 
bonding  defect  between  the  channel  sections  and  the  tapered  cap.  This  defect  was  located  at  the  mid- 
length  of  the  beam  at  a  point  where  the  tensile  stress  across  the  bond  would  be  high.  In  view  of  the 
relatively  high  shear  strains  measured  in  the  web  the  reduction  in  failing  load  due  to  this  defect  may 
not  be  large.  Nevertheless,  the  result  emphasises  the  significance  of  defect  looation. 

The  defective  beam  contained  artificial  de laminations  at  the  mid— plane  of  one  of  the  two  8-ply 
channels  used  to  form  the  I  section.  The  defeot  locations  are  shown  in  Figure  12.  This  beam  was 
subjected  to  fatigue  at  a  load  which  generated  a  shear  strain  of  about  4000  microBtrain  at  the  centre 
of  the  web  and  after  10,000  cycles  ulirasonio  scanning  indicated  no  damage  growth  either  from  the 
artificial  de laminations  or  in  the  region  of  the  shear  stress  concentration.  Hie  load  level  was  there¬ 
for  increased  so  as  to  produce  a  shear  strain  of  about  5000  microstrain  in  the  web.  After  10,000 
cycles  at  this  level  there  was  still  no  evidence  of  fatigue  damage  either  from  the  delaminations  or 
from  the  shear  stress  concentrations.  Clearly  the  defects  considered  here  were  not  sufficiently  severe 
to  produce  a  significant  effect  suggesting  that,  where  the  composite  element  gives  rise  to  a  complex 
three-dimensional  stress  distribution,  only  a  small  proportion  of  the  material  may  be  critically 
stressed  and  therefore  defect  significance  will  be  highly  dependent  upon  location. 

5  CONCLUDING  REMARKS 

Tfc i  accommodation  of  the  effects  of  defects  and  damage  in  current  designs  has  not  been  achieved 
as  a  result  of  a  coherent  overall  philosophy  but  through  an  ad— hoc  approach  necessitated  by  the  lack  of 
adequate  data  and  understanding  on  tho  effects  of  defects  on  structural  performance.  The  requirements 
for  a  more  coherent  approach  have  been  briefly  considered  and  some  experimental  observations  related  to 
the  interaction  of  defects  with  structural  features  have  been  presented.  Ir.  general,  it  is  observed 
that  the  significance  of  defeot  location  increases  with  the  complexity  of  the  stress  field,  and  that  tho 
most  significant  interactions  are  likely  to  occur  due  to  impaot  damage  or  delaminations  in  regions  in 
which  interlami nor  integrity  is  important.  Typically,  these  regions  are  likely  to  bo  in  areas  subject  to 
high  in-plane  compressive  or  shear  stress,  or  in  areas  subject  to  interlaminar  stress  or  out-*>f-plane 
bending  momenta. 

For  experimental  purposes,  composite  specimens  and  structural  elements  are  usually  subjected  to 
carefully  aligned  uniaxial  loads,  but  in  actual  Btruoturea  pure  uniaxial  loading  is  relatively  rare. 

In  practice,  most  structural  elements  are  subject  to  a  variety  of  secondary  loads  and  theBe  will  often 
give  rise  to  interlaminar  Bhearo  and  out-of-plane  bending  moments.  Even  in  defect-free  struotures  it 
is  possible  that  these  secondary  loads  may  cause  discrepancies  between  the  structural  performance 
aohieved  and  that  predicted  on  the  basis  of  data  from  accurately  loaded  test  piooes.  From  the  limited 
experimental  evidence  presented  here  it  seems  possible  that  in  the  presence  of  defects  the  significance 
of  those  secondary  loads  could  be  considerably  increased. 

In  conclusion,  it  is  evident  that  considerable  research  remains  to  be  done  before  sufficient  data, 
analytical  techniques  arid  general  understanding  have  been  generated  to  facilitate  a  fully  coherent 
policy  for  tho  management  of  defects  and  damage  in  composite  structures. 


REFERENCES 

1  J  J  pengra  Study  of  the  influence  of  hole  quality  on  composite  materials. 

NASA  CR  159257  (1980) 

2  R  M  Verrette  Effects  of  manufacturing  defects  and  in-service  defects  on  composite 

E  Donuts  materials.  Presented  at  the  Arn$r  symposium  on  solid  mechanics  1976  — 

Composite  materials;  the  influence  of  mechanics  of  failure  on  design. 

ammrc  re  76-2 

3  DEW  Stone  In  servioe  NDI:  an  assessment  of  current  requirements  and  capabilities, 

B  Clarke  AGARD  specialists  meeting  on  Characterisation,  analysis  and  significance 

of  defects  in  composite  materials,  12-14  April  1983. 

4  D  PutbIow  Some  fundamental  aspects  of  composites  fractography. 

Composites  12,  241-147  (1981) 


Copyright  (^T)  Controller  HM30  London  1983 


*  Based,  on  6  specimens 
t  Based  on  3  specimens 

Table  1  Tensile  Test  Results 


Defects  located  at  B,C  and  D 


I-beam  specimen 


ADP001924 


| 

I 


i 


4 


'! 


I 


18-1 

* 

1  IN-SERVICE  NDI  OF  COMPOSITE  STRUCTURES; 

AN  ASSESSMENT  OF  CURRENT  REQUIREMENTS  AND  CAPABILITIES 

by 

D.E.W.Stone  and  B.Clarke 
Royal  Aircraft  Establishment 
Materials  and  Structures  Dept. 

Famborough 
Hants  GU14  6TD 

SUMMARY 

*!  Practical  design  criteria  and  the  otructural  nignificance  of  defects  and  damage  in  carbon  fibre 
composite  oompoiionto  are  briefly  reviewed,  Consideration  is  given  to  the  principal  soutcgb  of  in— service 
damage  and  the  possibility  of  the  interaction  of  damage  mechanisms.  The  concept  of  providing  a  map  of 
damage  acceptability  for  a  given  ntructuro  iB  thon  discussed. 

An  assessment  is  made  of  the  probablo  current  requirements  for  in-ocrvico  NDI,  the  capabilities 
and  limitations  of  currently  available  NDI  techniques  are  reviowad  and  come  recent  developments  donor ibed,*^^" 


1  .INTRODUCTION 


Although  tho  great  majority  of  aircraft  in  service  today  wore  designed  on  a  sufo—life  principle 
the  ability  to  i imped  for  defects  that  have  arisen  in  service  is  still  a  vital  part  of  the  airworthiness 
clearance  procedure.  Thiu  ie  because  many  componcntu  have  boon  shown,  by  service  experience  or  by 
structural  falijjue  tenting,  l.o  be  suspect  and  have  to  be  treated  on  a  damage  tolerant  (alow  crack  growth) 
basis,  Furthermore,  modern  damage  tolerant  design  philouopliy  requires  a  known  inspection  capability, 
ulnuo  thiu  forms  an  integral  pari  of  Lhu  clearance  procedure,  and  considerable  efforts  are  currently  being 
expended  on  trying  to  quantify  the  probability  of  various  defects  being  missed  by  inspection.  All  of  this 
has,  howuvr,  been  developed  for  structures  fabricated  from  metallic  materials  in  which  thu  failure 
processus  are  generally  well  understood.  In  addition  there  is  a  vast  fund  of  terviou  experience  with 
metallic  structures  which  oan  be  drawn  upon  to  assist  in  assessing  tho  integrity  of  a  given  component. 
Furthermore ,  although  defects  caused  by  mechanisms  such  as  sorrouion  oi‘  stress  corrosion  are  of  course 
important,  in  tho  majority  of  cauuu  it  is  a  fatigue  crack  that  is  sought.  Indeed  It  has  been  suggested1 
that  those  fatigue  craoku  that  initiatu  arouiid  highly  utrooued  fastener  hulos  ar«-  alone  ruuponsiblu  for 
more  than  'jOjb  of  all  uirorafl  utruotui'al  l'ailurou  (io  damage  involving  significant  maintenance  and  repair 
penalties ).  Thus  in  broad  terms  the  inspector  knows  what  lie  is  looking  for  and,  at  leant  for  military 
aircraft,  he  is  told  where  to  look. 

With  structures  fabricated  from  oompouite  materials  the  nitiwtion  differs  in  a  number  of 
impor bunt  ways: 

i  tiuuuiiliully  the  material  a  fid  the  component  are  fabricated  in  the  muau  operation  so  that 
not  only  is  there  often  a  greater  probability  that  inherent  flaws  of  a  significant  Bias  will 
be  present,  but  also  any  inspection  will  have  to  be  performed  on  the  finished  component  which 
muy  be  of  complex  geometry. 

ii  The  typos  of  defect  induced  both  at  the  fabrication  stage  and  in  jorvioo  have  no  direct 
counterpart  in  tho  metallic  component. 


iii  The 
structural 


significance  of  these  defects  in  terms  of  their  effect  on  the  performance  of  various 
features  is  only  now  starting  to  be  quantified.  ^ 


iv  Thors  is  only  a  very  limited  amount  of  nor vice  experience  on  advanced  composites  in 
primary  structure. 

v  Arising  from  (iii)  and  (iv)  there  could  be  a  requirement  for  geriurul  survey  techniques 
(in  contrast  to  the  past  practice  of  only  inspecting  specified  arena), 

vx  Airworthiness  certification  procedures  are  still  being  dcvelopod^’^. 


In  tlie  light  of  tho  above  it  might  bo  supposed  that  the  introduction  of  composites  into  primary 
uirorafl  utructum*  has  resulted  in  some  rather  daunting  NDI  problems,  it  in  of  course  difficult  to 
generalise,  and  thin  paper  will  only  address  tho  problems  of  organic  matrix  composites,  but  it  will  be 
shown  that  tho  problems  of  inspecting  thueu  materials  do  appear  at  present  to  bo  much  loss  serious  than 
had  been  feared.  Nonetheless  Considerable  ureas  of  uncertainty  remain,  and  it  is  the  object  of  this 
paper  briefly  to  cxiunim*  practical  design  criteria  and  current  knowledge  on  the  structural  significance 
of  defects,  and  in  tho  light  of  those  to  consider  both  tho  possible,  demand,  for  in-oorvion  NDI  and  the 
ways  in  which  those  d'Juandu  might  bo  met. 


2  TXP1SS  OF  DtimJT  fcMOOUNTEHJSD 


2,1  Manufacturing  Defects 

It  io  possible  at  tho  manufacturing  stage  to  introduce  a  number  of  anomalies  which  may  or  may  not 
be  regarded  us  defects.  Several  of  them*  may  be  shown  to  affect  the  basic  mechanical  properties  of  the 
material,  but  despite  thiu  they  often  have  little  effect  on  the  otructural  performance  because  the  effect 
of  the  various  structural  features  tends  to  dominate.  For  practical  purposes,  only  tho  void  content  and 
degree  of  delamination  need  to  be  quantified.  It  has  been  suggested  that  fibre  kinking  may  also  need  to 


I 
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bo  detected,  particularly  whore  kinks  in  a  number  of  plies  are  coincident  (as  may  occur  in  tho  fabrication 
of  angled  sections),  but  the  usual  random  distribution  of  fibre  kinks  would  not  appear  to  be  of  concern. 

There  is,  however,  one  other  important  feature  for  which  inspection  procedures  are  required  at 
this  stage,  and  that  iB  the  integrity  of  udhooive  bond— lines.  First  consider  tho  adhesive  bond  between 
laminates;  small  delarainationfl  are  covered  by  tho  existing  inspection  procedures,  but  there  is  also  the 
possibility  that  a  complete  release  film  could  bo  loft  in  place.  The  thick  treated  paper  is  readily 
detoetablo  but  tho  thin  film  (usually  a  polyester  such  as  • Melinex* )  is  much  harder  to  find,  especially 
in  thick  sections.  When  considering  bonds  between  cub-componcnt b  there  are  really  two  situations.  For 
oo— cured  components  bond  failures  aro  of  oourso  effectively  the  same  as  delnmination3,  but  when  components 
are  initially  cured  and  subsequently  bonded  together  the  bond— line  inevitably  varies  somewhat  in  thickneso 
and  usually  some  form  of  filled  adhesive  is  employed.  There  is  also  tho  possibility  of  surface  contamination 
or  the  use  of  different  surface  preparation  procedures.  Thus  inspection  procedures  are  required  to  detect 
bond  failures  and  if  possible  to  ohock  that  the  bond  strength  is  adequate. 

2, 2  In-Service  Dainago 

In-service  damage  may  result  from  statio  overload,  fatigue,  environmental  effects,  overhoating 
(transient  or  continuous),  impact  or  siroplo  surface  scratching;  those  effects  may  act  singly  or,  os  is 
more  likely,  in  sqjuo  oomplex  combination.  The  resultant  defects  are,  however,  considered  to  bu 
essentially  straightforward  and  may  bu  listed  au  follows: 

a.  Surface  Scratches 

Those  can  of  course  have  a  variety  of  forms  but  tho  euuontial  featuro  is  that  they  break  the 
fibres  in  the  outer  laminae. 

b,  D<  .‘laminations 

These  muy  occur  under  normal  service  loading  at  features  where  large  stresses  are  generated 
normal  to  the  plane  of  tho  laminate,  but  tho  usual  cause  of  in-sorvioo  do laminations  is  impact 
damage;  this  may  or  may  not  be  accompanied  by  surface  damage.  If  there  is  littlo  or  no 
surface  damage  then  tho  terra  BVID  (barely  viuiblu  impact  damage)  iB  often  employed;  typical 
DVID  is  shown  in  Fig  1.  It  is  also  possible  for  overheating  to  oauuu  dolaiainut ion ;  thermal 
spiking  of  a  laminate  that  has  previously  abuorbud  moiuturo  is  one  example  of  this. 

o,  A  High  Density  of  Trails  laminar  Cruoking 

A  l  runs  laminar  oraok  will  bo  considered  to  bu  any  omok  running  in  the  matrix,  or  fibre— to- 
mutrix  interface,  purullol  to  the  fibres.  It  will  uouully  be  confined  to  one  ply  (or  block 
of  plien  having  a  similar  orientation)  and  will  be  aligned  approximately  normally  to  the 
plane  of  the  laminate.  It  is  not  considered  that  isolated  tranolaminar  oraoku  aro  structurally 
significant  |  here  wo  aro  concerned  with  a  high  density  of  oruoka, 

d.  Boaring  Damage 

Thiu  is  local  damage  at  fuu toners  whioh  is  of  a  complex  nature  but  includes,  fibre  fracture. 

It  will  reuult  in  a  roduetion  in  ulilTnusu  of  tho  joint, 

e.  Matrix  Cruising 

This  is  possible  with  some  oi*ganic  inatriouo  but  is  not  usually  encountered  with  epoxy  resins. 

f.  Bond  Failuroo 

Weak  bonds  may  not  bo  dot  noted  at  thu  manufacturing  otngr  but  fail  under  service  loading. 

Such  bonds  could  bo  oompuito/oomposito,  oompouite/uielul  or  oomposite/sandwioh  core. 

It  i  hould  be  noted,  however,  that  when  damage  of  types  (c)  and  (d)  is  sovore  enough  to  be 
structural]  significant  it  will  probably  be  accompanied  by  some  degree  of  delamination.  This  is 
important  b'-omifJo  it  makes  tile  detection  of  such  damage  a  great  dual  easier. 

The  above  comments  are  intended  to  relate  to  localised  areas  of  damage  that  could  occur  during 
normal  purvion  anti  might  need  to  bo  doteotecl.  There  1b,  however,  tho  possibility  that  a  military 
aircraft  could  suffer  much  more  serious  damage,  primarily  from  battle  damago  or  from  a  severe  lightning 
strike;  such  damage  would  of  course  bo  olcarly  appuront  and  tho  role  of  NDJ  would  then  be  to  delineate 
tho  aroa  of  non— visible  damage  in  order  that  a  repair  nohomo  oould  bo  devised.  It  is  not,  however, 
mi  vie aged  that  the  NDI  methods  required  would  be  significantly  different  from  thoBe  considered  for 
local  iuod  areas  in  Section  5»  bo  that  aspect  of  in-sorvioc  damage  will  not  bo  pursued.  further  here. 

3  PRACTICAL  DESIGN  CRITERIA  AND  THE  STRUCTURAL  SIGNIFICANCK  OF  DEFECTS. 

2 

As  noted  by  Potior  much  of  the  design  to  date  has  been  somewhat  ad  hoc  in  nature  and  a 
considerable  amount  of  coupon  and  atruaturul  element  testing  lias  boon  nocGBBury  in  order  to  sub¬ 
stantiate  tho  design  procedures.  It  iB  helpful  to  examine  tho  basic  design  criteria  for  a  component 
such  as  u  wing  box,  in  order  to  demonstrate  the  role  of  defects  and  to  conaider  thoSu  that  may  nood  to 
bo  detected;  theue  criteria  aro: 

i  Room  temperature  static  notch  tonBile  strength. 


ii 


Elevated  temperature  notch  compressive  fatiguo  strength. 


iii  Local  buckling. 

iv  Overall  buckling. 
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In  order  to  select  the  potentially  most  adverse  condition  criteria  (ii)— (iv)  are  usually  applied 
to  material  in  an  environmentally  degraded  oondition. 

Criteria  (i)  and  (ii)  are  dealt  with  by  defining  an  allowable  ovorall  strain  of,  say,  4000  micro- 
strain.  It  is  anticipated  that  limiting  the  overall  ctrain  in  this  way  to  accommodate  notch  effects  will 
also  enable  quite  large  defeots  to  bo  tolerated.  Uiure  iB  only  limited  data  available  to  support  thia 
but  at  present  suoh  evidence  as  iB  available  indicates  that  areas  of  essentially  uniform  overall  streu." 

can  indeed  tolerate  defects  of  a  type  and  size  that  would  present  no  difficulty  to  NDI,  Take  for  example 

surface  soratohos.  It  has  been  demount rat ed^  that  the  major  effect  of  a  Boratch  on  the  static  strength 
properties  is  simply  to  reduce  the  tensile  strength  approximately  in  proportion  to  the  numbor  of  0°  plica 

that  have  been  out;  a  scratch  3  plies  deep  cutting  two  of  tho  eight  0°  plios  in  a  0  +  45°  laminate  still 

exhibited  a  failure  strain  of  neax'ly  9000  JJC  .  What  has  yet  to  be  demonstrated,  however,  is  whether  such 
a  scratch  could,  under  fatigue  loading,  generate  dolomination  damage  which  oould  result  in  an  un&ooeplably 
low  compress ivo  strength.  If  this  woro  the  oasa  then  ooratohod  areas  would  require  more  detailed 
monitoring  in  Bervioe, 

The  effect  of  impact  induced  do  laminations  on  the  strengths  of  uniformly  st reused  panels  has  boon 
quite  widely  investigated  but,  booaune  of  the  range  of  types  of  damage  induced,  and  teat  specimens  and 
materials  employed,  it  is  difficult  to  make  a  general  statement  on  the  size  of  dolomination  chat  can  be 
tolerated  in  thia  situation.  However ,  as  a  guide,  one  may  usu  the  results  of  Labor® ,  who  Investigated 
the  effects  of  impact  damage  on  opooimons  subjeotud  to  fatigue  spectral  loading.  For  sundwioh  specimens 
both  fatigued  and  resj.dually  strength  tested  in  compression  he  found  that  severe  (clearly  visible) 
damage  grew  under  futile  loading,  and  some  specimens  failed  within  the  two  lifetimes  of  tho  test. 

Dainago  stated  to  be  marginally  visible,  however,  did  not  grew  undoi’  fatigue  loading,  and  specimens 
containing  auuh  damage  exhibited  residual  strains  of  about  5000  mioroB train.  Ultrasonic  inspection  showed 
the  damaged  uraa  to  be  about  15  mm  diameter.  He  also  tested  some  box  beam  upeoimons,  however,  and  showou 
that  even  severe  damage  did  not  grow  significantly  under  a  load  spectrum  having  maxima  clone  to  tho 
thooretioal  buckling  load,  These  upecimons  again  exhibitod  residual  strains  of  about  5C00  miorostrain, 
even  though  the  dumago  zones  were  about  25  mm  diameter, 

In  their  considerations  of  statin  strength  requirements  for  airworthiness  Ouyett  and  Cardriok^ 
BUggest  that  for  uniformly  stressed  areas  of  carbon  fibre  composite  it  may  generally  be  assumed  that: 

i  tho  offset  of  13VID  is  oomporablc  to  that  produood  by  a  notch; 

ii  tho  insertion  of  suoh  a  notch  or  damage  produces  proportionally  no  greater  reduction 

in  fatiguu  strength  than  in  otatia  strength  (io  the  interaotion  between  aooidental  damage  and 

fatigue  damage  is  not  significant). 

Probably  more  important,  however,  than  tho  effect  of  defects  in  uniformly  ntreased  areas  io  their 
effect  when  located  at  various  structural  features'.  It  seems  likely  thut  they  would  be  less  tolerable  at 
such  locations  and  lUli)  has  recently  begun  a  programme  to  investigate  this,  borne  data  haa  already  been 
produced*^  on  the  effect  of  impact  induced  d dominations  on  two  structural  features,  ono  (a  taper)  giving 
rise  to  interlaminar  stresses,  and  tho  oilier  (a  hole)  generating  it*-plane  stress  concentrations.  With 
somo  reservations  it  was  demonstrated  that  the  defeots  wore  tolerable,  but  it  was  emphasized  how  the 
presence  of  oul-of-plane  bonding  momonto  oould  drastically  alter  this.  This  has  been  confirmed  by  some 
recent  tests  elsewhere!  which  allowed  how  impaot  damage  on  a  tapered  section  of  a  wing  box  skin  reduoed 
the  static  oomprouoivo  strength  by  some  20$, 

In  tho  latter  case  the  failure  mechanism  may  in  fact  have  been  by  local  buokling.  If  r»o,  then 
it  might  bo  an  indication  that  tho  significant  amount  of  poot-buoklod  strength  that  iu  exhibitod  by 
compositoa,  and  whioh  introduces  a  dogreo  of  conservatism  into  the  ovorall  buckling  oritorion,  may  not 
extend  the  same  degree  of  proteotion  to  the  local  buckling-  ease. 

dourly  a  great  deal  more  nueds  to  be  done  before  it  iB  possible  to  speoiiy  with  confidence 
exactly  what  effect  defeots  oan  havo  on  the  various  structural  features.  At  this  stage  therefore  it 
□an  only  bo  uuid  that  there  may  wull  be  a  need  to  monitor  certain  features  with  particular  care,  and 
this  should  ba  borne  in  mind  when  asauusing  tho  probable  requirements  for  NDI. 


Tho  role  of  tranulaminar  araoku  is  again  not  entirely  clear.  Isolated  oraoks  may  appoar  from 
time  to  time,  but  they  have  little  structural  significance.  The  case  of  possible  concern  is  whan 
concentrations  of  suoh  cracks  appear,  usually  at  a  strens  concentration  suoh  as  a  notch  or  holo°»^«  I 
suoh  a  situation  they  are  only  pa^t  of  a  aornplex  damage  zone  alGo  involving  delami nations  and  it  iu 
likely  that  only  a  general  delinu.  lion  of  the  extent  of  this  damage  zone  will  be  required.  Howevor, 
examination  of  a  radiograph  enhanced  by  tho  use  of  a  radio-opaqua  penetrant  (Fig  2)  shows  that 
extensive  trans laminar  oracking  may  extend  beyond  this  zone  or  oven  appear  independently.  Such 
araoking  may  not  be  very  significant  structurally  at  this  stage  but  its  detection  may  nonet hoi ecu  bo 
desirable,  since  trnnslaininar  oraoks  are  often  the  precursor  to  more  Berioua  delamination  damage. 


A  somewhat  similar  situation  ocours  at  fastener  holes  except  that,  additionally,  bearing  dumage 
is  posaible.  There  does  not  appear  as  yet  to  bo  any  evidenoe  that  such  damage  needs  to  bo  quantified 
separately,  from  the  point  of  view  of  maintaining  adequate  otructural  strength;  just  as  for  the  oase  of 
a  simple  hole,  it  is  only  the  overall  area  of  damage  that  will  probably  require  to  be  known.  It  is, 
however,  important  to  note  that  bearing  damage  will  significantly  reduoe  the  stiffness  of  the  joint  and, 
should  bearing  damage  ooour  at  a  number  of  fastener  hole3  in  one  area,  then  the  overall  stiffness  of  tho 
structure  oould  bo  affected.  This  oould  result  in  an  unaooeptable  change  in  the  dynamic  or  aero elastic 
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properties  of  the  structure.  The  possibility  of  a  requirement  to  provide  a  means  of  detecting  such 
changes  in  service  does  not  appoar  to  have  rnceivod  much  attention  as  yet,  but  it  should  not  be  ignored  — 
particularly  in  view  oi  the  increasing  importance  of  acroolaetic  tailoring  techniques. 

4  REQUIREMENTS  FOR  IN-SERVICE  NDI 

The  major  function  of  all  structural  inspection  procedures  for  aircraft  is,  of  course,  to  assist 
in  ensuring  airworthiness,  but  it  has  to  be  reoognioed  that  the  process  of  airworthiness  certification  is 
not  fully  established  at  present.  It  is  therefore  not  wise  simply  to  assess  NDI  requirements  in  the 
light  of  the  clearanco  procedures  currently  being  applied.  It  is  quite  possible  that  an  increased  under¬ 
standing  of  the  significance  of  defects,  especially  at  atruotural  features,  may  require  these  procedures 
to  be  modified  quite  significantly. 

Now  to  apply  strict  damage— tolerant  design  procedures  to  composite  structures  would  require 
considerably  greater  knowledge  than  exists  at  present  of  the  degree  of  damage  that  otui  be  detected,  of 
the  rate  of  growth  of  damage,  and  of  residual  strength  in  the  presence  of  damage.  Thus,  at  least  for 
military  aircraft  in  the  UK,  certification  is  dona  on  a  oafo— lifo  basis,  but  incorporating  as  many 
features  as  possible  of  the  damaged;  ole  ranee  oonoept^.  In  praotico  this  means  that  the  following  sources 
of  degradation  have  to  be  taken  into  auoount:4 

i  Baraly— visible  impact  damage  (BVID)i 

ii  The  possibility  that  repair  patches  may  have  to  be  bolted  on; 

iii  The  reduction  in  residual  strength  due  to  fatiguu. 

These  effects  are  combined  in  setting  the  design  allowable  strain  and  eaoh  structural  member  must 
be  d<  signed  to  tills  level,  and  thus  be  capable  of  sustaining  BVI1),  loss  of  strength  due  to  fatigue  and 
the  addition  ul'  fastener  holes,  occurring  together  in  a  realistic  way,  Some  relaxation  is  possible  if 
one  or  more  of  these  effects  could  not  occur  in  practioe. 

The  acceptance  standards  applied  for  inspection  at  the  manufacturing  stage  should  therefore  be 
designed  to  ensure  that  no  defect  is  initially  prosent  that  will  prove  more  structurally  detrimental  than 
the  standard  notoh  (usually  token  as  about  6  mm  diumoter),  or  than  BVID,  It  was,  however,  necessary  in 
the  past  to  set  aooeptanoe  standards  in  the  absence  of  much  information  on  the  significance  of  dofoots, 
and  the  u tand ante  which  emerged  were  based  largely  on  thoco  defeots  that  could  be  found  with  a  reasonable 
(albeit  unquantified)  level  of  confidence  ly  the  available  NDI  techniques. 

Those  standards  vary  from  organisation  to  organisation  but  they  concentrate  almost  entirely  upon 
an  assessment  of  tliu  local  void  oontsnt  and  degree  of  delsmination,  together  with  an  allowable  spacing 
between  defect ive  areas,  or  between  suoh  aroas  and  structural  features  or  free  edges.  Present  evidence 
would  suggest  that,  for  areas  of  reasonably  uniform  stress,  these  standard i  are  proving  more  than 
adequate.  As  noted  in  Section  3,  however,  the  situation  with  regard  to  the  acceptability  of  defeots  as 
structural  features  is  much  less  dear;  in  particular  the  role  of  fibre  kinking  requires  further 
investigation. 

Thus  if  oluarance  is  ubLainud  on  a  safu— life  basis  there  is,  strictly  speaking,  no  requirement 
for  further  monitoring  of  those  initial  dofoots.  Wlint  needs  to  be  found  are  those  defects  that  are 
orontod  in  uerviue  and  which  have  u  detrimental  effect  equal  to  or  greater  than  the  existing  notoheo  or 
BVID,  The  nature  of  thuue  defoots  wan  considered  in  Boot  ion  2.2  and  it  was  suggested  that  from  thu 
point  of  view  of  defect  detect  ability  (as  opposed  to  defect  characterisation)  only  surface  scratches  anil 
dalujninatinrm  need  bo  Bought,  Furthermore  Seotion  3  has  shown  that  it  is  probable  that,  if  impaot— 
induced  dclamination  iu  sovere  enough  to  be  structurally  significant,  then  it  will  also  bo  aooompaniod  by 
surface—- visible  damage.  Thus  it  iu  clour  that  a  great  deal  can  bo  achieved  by  straightforward  visual 
examination  of  accessible  surfaces;  onoe  the  pruuenue  of  a  dufuot  lias  been  detectud  other  means  may  be 
employed  to  characterise  it  further.  It  has  in  fact  been  suggested  that,  for  aooeuuiblu  components, 
visual  examination  alone  may  bo  sufficient  to  ensure  the  detection  of  all  structurally  significant 
defects  that  arise  in  service.  It  must,  however,  be  recognised  that  delaminations  can  be  generated  by 
mechanisms  which  arc  not  aooompaniod  ty  surface  damage;  thermal  spiking  of  environmentally  degraded 
matoriul  has  already  been  mentioned  and  fatiguu  loading  oould  well  cause  dulaminationa  to  bo  initiated 
ul  other  defeots  suoh  as  trans laminar  oraoks.  Indeed  it  lias  already  buon  stated  tliut  trunuluminor  cracks 
are  most  readily  dotoctod  by  means  of  the  do  laminations  that  they  generate. 

The  extent  to  which  these  other  mechanisms  will  occur  in  practice  on  a  particular  component  is 
hard  to  quantity.  Clearly  there  are  many  components  to  wiiioh  thermal  damage  is  most  unlikely  and  it 
could  well  bo  that  the  other  meohaniems  will  occur  only  rarely.  At  present  it  oan  only  be  stated  that 
suoh  situations  oo\\ld  arise  and  that,  even  fov  uniformly  stressed  areas,  tlm  development  of  appropriate 
NDI  techniques  would  be  prudent.  Suoh  techniques  would  be  complementary  to  visual  inspection  and  would 
be  designed  to  provide  a  means  of  rapidly  scanning  large  areas  of  accessible  structure  with  tho  primary 
aim  of  detecting  quite  largo  areas  of  delamination  damage  (say  >  20  mm  diamater). 

Areas  containing  structural  features,  however,  cannot  bo  regarded  in  the  o  une  light.  There  is 
still  considerable  uncertainty  as  to  the  role  of  defects  at  many  features  and  these  should  therefore  be 
inspected  much  more  carefully.  In  particular  there  is  a  need  to  know  whether  such  defeots  are  stable  or 
whether  thore  is  a  tendency  for  their  severity  to  increase  during  uervi™.  Nut  only  is  such  information 
required  in  order  to  ensure  thu  safety  of  the  particular  component  involved,  but  it  can  also  provide  an 
invaluable  complement  to  tho  various  programmes  aims  l  at  understanding  the  role  of  suoh  defects.  It  is 
possible  that  tho  results  of  those  programmes  may  indicate  that  more  pr noise  characterisation  of  the 
defects  iu  required,  such  aa  the  througl^-lhioknees  position  of  a  delamination,  but  at  preBont  some 
indication  of  defect  magnitude  should  be  sufficient.  It  should  be  a  task  of  the  design  authority  to 
identity  areas  or  features  that  are  regarded  au  being  of  primary  structural  significance. 


18-5 


Equally,  until  more  confidence  has  been  generated  by  testing  and  by  service  experience,  there 
may  be  a  case  for  designating  certain  aroaB  as  being  of  secondary  structural  significance.  In  this 
category  would  come,  for  example,  areas  containing  known  defects  which  had  met  the  initial  acceptance 
standards  (or  been  granted  concessions) ,  or  known  areas  of  BVID.  This  damage  would  not  be  expected  to 
grow,  but  it  would  be  valuable  to  have  confirmation  of  thi3«  It  is  envisaged  that  the  boat  way  of 
documenting  this  for  the  inspector  would  be  to  prepare  a  defect  map  at  the  manufacturing  stage,  which 
could  be  modified  as  required  in  Bervioe,  The  relevant  NDI  techniques  would,  of  course,  be  accordingly 
either  less  stringent  than  those  for  the  primary  aroos  or  would  be  appliod  at  loss  frequent  intervals. 

Thus  on  the  ovidonce  available  it  would  appear  that  the  NDI  requirements  will  vary  quite  widely 
from  area  to  area  and  a  brief  summary  of  those  requirements  is  presented  in  Table  1. 

5  GENERAL  IlGnsSTION  TECHNIQUES  VQH  COMPOSITE  MATERIALS 

Before  conn idoring  techniques  upuoifio  to  in— service  requirements  it  may  bo  useful  to  review  those 
that  have  been,  and  urn  currently  being,  used  to  inspect  oompociteB,  Initially  two  conventional 
techniques,  ultrasonic  inspection  and  x— radiography ,  were  applied  with  differing  degrees  of  success. 
Although  radiographic  inspection  is  the  preferred  technique  for  GRP,  its  use  on  CPC  fabricated  from 
pro— preg  material  is  usually  limited  to  those  geuiuetricQ  whore  the  defect  orientation  can  bo  presented 
parallol  to  the  X-ray  beam*  Insufficient  changes  in  density  result  from  delects  prusentod  normal  to  the 
bourn  and  therefore  in  many  oaseB  the  interlaminar  defects  ( do lcun i nations  and  intorply  porosity)  of  CPC 
arc  not  detected  by  conventional  X— radiography. 

Ultrasonic  teohniquos,  however,  are  particularly  sensitive  to  dufuotu  aligned  normal  to  the 
interrogating  beam  and  as  u  result  are  the  most  widely  uned  inspection  methods  for  production  inspection 
of  CPC  components.  Of  the  many  options  for  pros anting  the  ultrasonic  response  to  anomalies  at  interfaces 
the  moot  common  method  ia  the  now  l'uiniliar  G— Scan,  This  method  presents  a  plan— view  display  of  defect 
area  obtained  by  selectively  gating  the  tirao  domain  signal  of  a  conventional  ultrasonic  flaw  detector  and 
monitoring  the  amplitude  -i*  a  specific  echo.  If  the  back— wall  coho  ia  inouitorud  then  dolaminut ion 
produces  a  marked  reduction  in  signal  amplitude  as  shown  by  the  light  urea  in  Pig  3(a),  If  however,  the 
gate  is  positioned  between  Die  front  and  buck  echoes  then  there  is  only  a  signal  within  the  gats  when 
dolamination  ia  present.  Higher  frequency  inturrofjation  iu  usually  uooouuury  in  order  to  obtain  the 
required  resolution;  the  dolamination  is  now  revealed  as  a  dark  area  and  Pig  3(b)  shows  the  increase  in 
discrimination.  Tho  total  attenuation  through  tha  thickness  of  tho  component  may  bo  displayed  in  this 
way,  or  selected  depths  may-  be. gat**l  to  inspect  a  particular  bond  line  f o”  example.  However,  to  evaluate 
through  thickness  defect  position  for  the  multi-layer  defeats  ouch  as  those  associated  with  BVID  Would  bu 
extremely  tedious  and  difficult  to  interpret  by  this  method;  for  this  reason  a  complementary  presentation 
of  data  iu  preferred,  The  1 W.eun  (Pig  4)  presents  through—  thioknoso  dufeut  position  in  the  form  of  a 
cross— e  oct ionul  slice  through  tho  oompouitu,  A  combination  of  both  B  A  G-i3oau  infoi’mation  can  be  parti— 
oulurly  advantageous  os  has  been  shown  by  Potter?  for  a  specimen  sub juried  to  fatigue  loading  following 
impact  damage.  Other  ultrasonic  teohniqoou  in  both  the  time  and  Die  frequency  domain  are  currently  in  use 
and  thoru  are  various  possibilities  of  combining  complementary  data  to  provide  far  more  information  than 
iu  obtainable  from  ary  single  technique. 

Those  then,  briefly,  are  the  two  principal  inspection  techniques  for  composite  quality  control  and 
production  component  monitoring.  Other  techniques  considered  and  applied  with  varying  degrees  of  success 
have  included: 

1  optical  holography 

2  Hesonanoe/ Impedance  piano  bond  testers 

3  Vibration  and/or  mechanical  damping  methods 

4  Acoustic  ninissi'-in 

5  Thermography 

6  Bldy  oui’runto 

7  Neutron  radiogrupliy 

8  positron  annihilation 

Cluarly  thoro  would  be  practical  difficulties  in  applying  somo  of  these  met hods  in  service,  but  it 
will  b*  shown  in  the  next  Suction  that  others  do  show  promise. 

6  IN— SERVICE  INSPECTION  METHODS 

It  has  been  suggested  in  Table  1  that  tho  in-service  NDI  requirements  may  conveniently  be  divided 
into  throe  tasks.  Thus a  tasks  will  however,  probably  only  require  two  different  standards  of  NDI  equipment 
because  the  difference  between  tasks  2  and  3  lieu  not  in  tho  sensitivity  or  discrimination  capabilities  of 
the  technique,  but  tho  structural  significance  of  the  feature  and  hence  in  the  required  frequency  of 
inspect ion.  In  uorvioe  NDI  methods  may  therefore  bo  considered  under  two  broad  hoadinguj 

i  Rapid  survey  methods; 

ii  Localised  inspection  methods. 

It  must  however  be  recognised  that  the  socond  heading  potentially  covert1,  a  wide  range  of  methods 
varying-  from  simple  defect  detection  to  sophisticated  characterisation.  It  is  to  be  hoped  that  the  former 
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will  be  sufficient  for  airworthiness  purposes  but  the  latter  may  nonetheless  be  desirable  from  time  to  time 
since  it  can  provide  very  valuable  information  on  the  true  behaviour  of  defects  •' 'l  service*  In  this  way 
information  gained  from  the  first  generation  of  composite  military  aircraft  structures  may  be  used  to 
optimise  designs  for  second  generation  aircraft. 

Some  of  the  moat  promising  methods  will  shortly  bo  discussed  in  more  detail,  but  Table  2  is  an  attempt 
to  summarise  the  capabilities  of  all  those  methods  that  are  at  present  considered  capable  of  in-service 
application.  The  defects  considered  are  those  listed  in  section  2.2  and  it  is  important  to  note  that  tho 
detection  of  defects  (c)  and  (d)  (high  density  translaminar  o rucks  and  bearing  damage)  is  taken  to  be 
roquired  at  a  stage  when  they  are  not  yet  structurally  significant,  and  hence  not  acoompanied  by  delamination 
damage. 


6.1  Rapid  Survey  Methods 

Here  we  are  primarily  looking  for  quite  largo  areas  of  delamination j  this  will  include  BVID  but 
damage  may  also  be  induced  by  othor  moans.  Tho  most  likely  current  options  are  the  following: 

6.1.1  Roller  Probes 

The  use  of  ultrasonic  techniques  employing  roller— probes  lias  tho  great  attraction  that  no  uouplant 
is  required.  One  such  teohnique  which  appears  promising  is  the  Balt eau-Qons tost  "shadow  technique"  in  which 
two  ultrasonio  roller— probe  transducers  are  mechanically  linked,  one  a  broad-band  transmitter,  the  other  a 
selectively  filtered  narrow-band  reoeiver.  The  use  of  adjustable  filtering  allows  various  defect  types  to 
be  detected  (and  possibly  identified)  over  a  range  of  component  thicknesses.  The  system  is  oapable  of 
detecting  what  is  currently  regarded  as  significant  BVID  at  a  reasonable  scanning  speed  but  the  technique  is 
unlikely  to  detect  single  delaraination  or  skin-to-eubstruoture  disbondB. 

6. 1 . 2  Multi— element  Transducers 

A  unit  derived  from  the  medical  ultrasonics  field  has  been  developed  by  Diagnostic  Sonar  Ltd  at  the 
request  of  BAs  (Warton);  it  is  comprised  of  a  hand— hold  transducer  containing  84  crystals  which  are 
sequentially  pulsed,  the  response  being  displayed  in  the  B-eoan  format  on  a  storage  oscilloscope  (Fig  5)- 
This  unit  is  currently  undergoing  evaluation  at  Warton  whore  it  has  demonstrated  a  capability  to  detect  the 
minimum  defect  size  (3  mm)  simulated  in  sampleB  of  CFC  used  as  C-^oan  production  inspection  standards. 

Because  of  its  higher  operating  frequency  (5  Miss)  this  teohnique  offers  improved  resolution  compared  to 
rollei'-probes  and  is  capable  of  resolving  and  positioning  a  single  delamination  or  disbond.  It  does  however, 
.  J>V8  the  disadvantage  of  requiring  some  form  of  couplant. 

6.1.3  Thermal  Pulse  Video  Thermography 

Tills  technique  which  is  still  in  the  resaaroh  Btage  at  Al'MS  Harwell,  offers  the  possibility  of 
providing  a  rapid,  contact  free,  couplant  free  method.  Essentially  it  displays  the  rate  of  thermal  diffusion 
in  the  composite  when  subjected  to  a  fast  high  intensity  thermal  pulse.  An  image  of  tho  thermal  pattern  ut 
the  surface  of  tho  component  is  displayed  on  a  monitor  and  stored  on  video  tape.  The  latter  iu  a  vury 
important  feature  because  tho  response  io  trunnion1-  wn-l  u  rim*  rspiny  +■?"■!  lily  allows  the  technique  to  be 
used  more  effectively.  In  addition  imago  processing  prooedureu  may  bo  uBod  to  enhance  the  method.  Defects 
in  the  form  of  interlaminar  BVID  have  already  boon  shown  to  be  deteutuble  but  the  resolution  capability  of 
tho  technique  ut  various  depths  rooming  to  be  evaluated.  Preliminary  results  on  representative  CEO  specimen 
seem  to  indicate  a  sensitivity  to  nuar  surface  (in  <2  in)  defects  equivalent  to  production  ultrasonic  (Mi cun 
capability  (fig  6). 

6.1.4  Iinpact-Soji3itivo  Coatingo 

As  w;iu  discussed  ill  suction  3,  eub-uurfaoa  duiuugu  produced  by  accidental  impacts  is  often  accompanied 
by  a  degree  of  surface  damage.  This  is  of  course  oxtromnly  helpful  because  it  gives  a  readily  detectable 
indication  of  those  areas  requiring  clou or  inspection.  It  iu,  however,  not  yot  possible  to  be  certain  thul 
impact  damage  that  is  severe  enough  to  bs  structurally  significant  will  always  be  accompanied  by  such  u 
surface  indication.  It  iu  therefore  very  attractive  to  consider  the  possibility  of  providing  some  form  of 
impact-uenuitive  "witness  coating"  which  would  dourly  indicate  that  an  impact  had  ocourrud.  It  might  oven 
be  poaoiblo  to  relutu  tho  indication  to  the  degree  of  BVID,  but  this  i't  less  likely  because  the  damage 
resulting  from  a  given  impact  iu  strongly  dependent  on  factors  such  as  skin  thickness  and  tho  nature  of 
support  provided  by  tho  sub— structure. 

12 

Some  preliminary  work  has  boon  done  in  tho  UK  using  a  coating  containing  a  micro— encapsulated  dye, 
but  the  results  so  far  nro  rathor*  inconclusive. 

6.2  Localised  Inspection  Methods 

6.2,1  Meccasonios  In— situ  Ultrasonjo  Scanner 

For  known  defective  areas,  or  when  an  aroa  of  poosiblo  HV1D  or  dulaminat ion  has  been  detected  by 
one  of  Die  rapid  eeun  techniques,  a  small  portable  O-onan  frame  ue  shown  in  (Fig  7)  mny  be  used.  This 
can  be'  fixed  to  the  ulruoturo  in  any  piano  by  means  of  suction  pads  arid  using  a  giruballirig  contact 
transducer  is  capable  of  following  aerofoil  curvatures  and  producing  a  hard  copy  (!-soan.  The  unit  which 
io  light,  portable  and  compatible  with  existing  RAF  ultrasonic  equipment  iu  capable  of  producing  a  scan 
approximately  20  cm  x  30  cm  and,  using  ;•  5  MHz  transducer  has  u  resolution  eijuivalont  to  that  of  production 
inupootion  ultrasonics.  On"  drawback  in  tho  requirement  for  a  thin  gel  couplant  but,  since  this  would  only 
be  nuouBunry  ovor  relatively  small  areas  at  defined  locations,  it  is  not  uxpeeted  to  cause  any  difficulty. 
Data  could  bo  stored  on  a  email  c-omputor  if  desired,  this  could  then  be  accessed  during  subsequent 
inspections  so  that  any  defect  growth  would  readily  bo  apparent.  Such  a  unit  could  ".luo  be  used  to  record 
repair  integrity. 
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6.2.2  Penetrant  Enhanced  X— Radiography  (PEXR) 

As  previously  stated  the  use  of  conventional  radiography  in  limited  to  gross  areas  of  damage  or 
defects  in  preforred  orientations,  By  using  some  form  of  radio— opaque  penetrant,  however,  radiography 
can  he  made  to  be  probably  the  single  most  sensitive  inspection  technique  for  composites.  Pig  8,  shows 
tho  detail  of  damagu  in  compoBitos  obtained  by  this  technique  using  zinc  iodide  as  the  heavy  metal  in  an 
iso-propanol  solvent  carrier,  A  range  of  possible  organic  and  inorganic  penetrants  is  also  currently 
being  assessed  for  RAE  to  find  the  boat  compromise  of  sensitivity,  case  of  handling  and  chomical  inertness 
in  tho  presence  of  matrix  resins.  Of  the  techniques  evaluated  so  far  PEXR  offers  the  moct  promise  for 
the  detection  of  matrix  cracking,  high  density  transltuninar  cracking  and  bearing  damage  that  proceeds 
dd  .unination.  Detectability  of  course  depends  on  aooess  for  the  penetrant  through  a  free  edge.  The 
requirement  to  detoot  these  minor  forms  of  damage  is,  as  stated,  perhupu  debatable.  However,  if  the 
objective  of  assessing  tho  significance  of  defects  is  to  be  realised,  then  it  is  through  techniques  such 
as  PEXR  that  most  information  will  be  obtained. 


6,2,3  Eddy  Currento 

Some  previous  work  has  indicalod  that  the  use  of  high  froquency  (12  MHz)  Eddy  currents  could  be 
informative  on  CFC  components.  Mead  and  Dingwall^  found  that  material  up  to  8  mm  thick  uould  bo 
inupootod  and  they  demonstrated  an  ability  to  detect  through  thickness  cracks  which  had  previously  been 
monitored  by  Acoustic  Emission  and  which  were  subsequently  confirmed  using  high  frequency  ultrasonics. 
The  attraction  of  the  edcly  current  method  is  that,  like  PEXR,  j.t  givey  information  on  defects  aligned  in 
tho  througli— thickness  dirootion  (trunalaiuinar  oraeku)  but  does  not  require  access  frum  a  free  edgo.  It 
iu  hoped  that  further  work  in  the  near  future  will  establish  the  viability  of  this  technique. 


6,2,4  Bond  TeBtors 


flcinmoi'cially  available  bond  tuutoru  ouch  ns  tho  Inspection  His trumunts  Acoustic  Flaw  Detector  arc 
currently  used  on  CM)  production  uompononta.  In  this  technique  tho  amplitude  and  phase  response  of  a 
resonant  transducer  arc  monitored  and  it  lias  proved  particularly  usuful  for  ohooking  the  integrity  of  tho 
bond  between  composite  skins  .and  honeycomb  uub-utruoture.  The  main  attraction  of  thin  form  of  bond  too  ter 
is  that  there  is  no  requirement  for  oouplant  and  there  is  aloe  tho  possibility  of  producing  a  c-«a»n 
presentation  in  a  sounhor  perliupo  similar  to  that  mentioned  in  seotiou  6,2,1,  Disadvantages  Heem  to  be 
tho  limitations  uu  to  thieknuus  that  can  bo  inspeoted  in  OR!  and  the  inability  to  doted  deliuniriution  of 
the  DVlD  typo. 

7  iSSVUOT  OF  PAINT  SCHEME! 


Tlio  possible  effects  of  paint  schemes  on  tho  ability  to  detect  DVlD  is  currently  being  evaluated, 
Caro  must  bo  t;dcen  not  to  allow  conventional  paint  strippers  to  dogrudo  the  compos  its  matrix  therefore  it 
will  probably  bo  necessary  to  inspect  witlieut  removing  tho  paint  layer,  T*  sts  so  fax*  have  involvud  thu 
ultrasonic  inspection  of  composite  samples  with  BVIBj  some  untreated,  some  painted  and  some  painted  ami 
weathered,  No  significant  difference  in  response  was  found,  the  DVlD  was  ruadily  deteotud  in  all  three 
oases.  However,  yet  to  b*<  established  are  the  effects  of  impact  on  tho  painted  surface.  Certain  questions 
remain  to  be  nnsworud: 


a.  Does  the  painted  uurfaeo  degrade  or  enhance  tin.’  ability  to  visually  inspect 
for  impact  damage? 

b.  If  u  paint  diubond  iu  caused  during  impact  will  this  or  subsequent  degradation 
of  tlie  bond  oi'outo  significant  difiioultiea  in  interpretation? 

8  CONCLUSIONS 

8.1  For  Uniformly  Stress'd  Arous 

a,  li’  impact— induced  damage  iu  severe  enough  to  be  structurally  significant  then  it  will 
usually  bo  uoocinpiunud  by  visible  surface  damage,  but  Nl)l  may  still  be  required  to  assist 
or  confirm  visible  indications. 

b.  Other  sources  of  damage  are  posuiblo;  these  will,  in  general,  not  be  uouomponioil  by 
viuiblo  surface  damage  and  ND1  would  bo  required  if  these  meehcuiiums  are  considered  likely. 

8.2  For  structural  Features 

a.  The  role  of  do  foots  at  uuoh  locations  is  less  well  understood  and  they  should 
therefore  b«‘  inspected  more  carefully. 

b.  The  design  authority  nliould  be  called  upon  to  identify  areas  or  fuatureu  that  are 
regarded  an  being  of  primary  structural  uignifi canoe, 

8,  3  For  All  Arous 

Until  mot  ■!  coni’ldeiieu  has  been  generated  by  toutiiig  and  by  u»  rvico  experience: 

a,  Arcus  of  secondary  structural  significance  nliould  bo  designated.  Those  would  largely 
consist  of  areas  containing  known  defects  that  are  considered  acceptable,  but  occasional 
NDI  would  be  advisable  to  confirm  this, 

b.  A  defect  map  should  bo  provided  and  updated. 
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c.  Every  opportunity  should  bo  taken  to  us«-  NDX  ‘  o  monitor  potential  .hunag-  growth,  ov  n 
when  this  is  not  a  safety  requirement. 

8.4  There  is  a  need,  for  two  main  types  of  ND1: 

a.  Rapid  survey  methods  primarily  to  detect  large  delaminat  ions  (CO  mm  diameter). 

b.  Localised  iiispection  methods  to  provide  mor  *  d* -tailed  rharautiaat ion. 

0,5  Equipment  is  already  available  that  can  largely  aatiofy  the  abovo  requirements  although  for  the 
former  an  increase  in  both  tho  speed  and  convenience  of  operation  would  be  an  advantage. 

8,6  The  possibility  of  a  future  requirement  for  NDI  equipment  that  is  capable  of  more  detailed 
characterisation  than  is  currently  demanded  should  be  borne  in  mind. 
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SUMMARY  OF  ClTUffiNTLY  'ENVISAGED  NDI  REQUIREMENTS 


AREA 

REQUIREMENT 

All  accessible  areas 

Rapid  survey  methods,  primarily  to  detect  dclaminations 
<  20  mm  diameter 

Areas  of  secondary 
structural  significance 

Intermittent  monitoring  of  either  1 

i  defined  features  to  detect  defects  : 

and/ or  i 

ii  known  defects  to  deteot  growth.  j 

Areas  of  primary 
structural  significance 

i 

Regular  inspe^+ion  of  defined  features 

i  to  deteot  defects 

ii  to  assess  defect  magnitude  and/or  to  monitor 
growth 

(The  possibility  of  a  frture  requirement  for  more 
detailed  characterise •'  should  be  borne  in  mind. ) 

Table  1 


A  SUBJECTIVE  ASSESSMENT  OF  TECHNIQUES  FOR  THE  IN-GERVICE  INSPECTION  01’  CARBON  FIBRE  COMPOSITES 
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EFFECT  OF  DEFECTS  ON  AIRCRAFT  COMPOSITE  STRUCTURES 
by 

R.  A.  Garrett 
Branch  Chief,  Technology 
McDonnell  Aircraft  Company 
P.  O.  Box  516,  St,  Louie,  Missouri  631u6 
USA 


SUMMARY 

— ■"“'‘I  This  paper  describes  the  effects  of  manufacturing  and  service-induced  damage  on  the 
static  and  fatigue  strength  of  aircraft  composite  structures. 

Seven  manufacturing  defects  associated  with  mechanical  fasteners  were  investigated; 
out-of-round  holes,  broken  fibers  on  the  exit  side  of  drilled  holes,  porosity,  improper 
fastener  seating  depth,  tilted  countersinks,  interference  fit,  and  multiple  fastener 
installation  and  removal  cycles.  Both  static  and  fatigue  files t  results  are  described,  along 
with  correlation  with  analysis  techniques.  The  interact ion] of  tbe  effects  of  these  defects 
on  hole  wear,  measured  in  fatigue  tests  of  structural  joints,  is  described. 

The  effects  of  two  types  of  service-induced  damage  are  also  described?  low  energy 
impact  damage  and  23mm  HE I  ballistic  damage.  The  relative  sizes  of  visible  and  non-visible 
damage  as  determined  by  visual  and  non-destructive  inspection  techniques  are  compared.  An 
evaluation  of  stitching  and  the  inclusion  of  glass  or  Kevlar  fiber  buffer  strips  to  improve 
the  damage  tolerance  of  carbon/ epoxy  structures  is  included.  Results  of  tests  of  carbon/ 
epoxy  panel  structures  are  discussed.  Correlation  of  experimental  results  v  th  predicted 
residual  static  strength  is  good.<^-— 

LIST  OF  SYMBOLS 

C  -  compression 

d  -  diameter 

e  -  edge  distance 

13^  -  extensional  modulus  measured  in  the  "a”  direction  due  to  "b"  loading 

KTW  -  elevated  temperature  test  with  prior  specimen  moisture  conditioning 

pbru  -  ultimate  failing  bearing  stress 

G  -  shear  modulus 

LEID  -  low  eneryy  impact  damage 

N  -  number  of  fatigue  cycles 

NDI  -  nondestructive  inspection 

Nxy  -  shear  load  intensity 

-  -shear  load  intensity  at  initial  buckling 
xy 

R  -  fatigue  load  ratio?  minimum  load  divided  by  maximum  load 

RT  -  room  temperature 

RTD  -  room  temperature  test  with  no  specimen  moisture  conditioning 

RTW  -  room  temperature  test  with  specimen  moisture  conditioning 

T  -  tension 

w  -  specimen  width 

-  strain  measured  in  the  "a"  direction  due  to  *‘b"  loading 

eu  -  ultimate  failing  strain 

AS/3501-6  (typ.)  -  material  system  nomenclature  for  type  AS  carbon  fibers  in  a  3501-0  epoxy 
resin  matrix 

50/40/10  -  laminate  nomenclature  in  which  the  three  numbers  describe  the  percent  of  plies 
oriented  in  the  0",  +45‘  and  90*  directions,  respectively?  i.e.,  50%  of  total 

number  of  plies  are  oriented  in  the  0*  direction,  40%  of  the  plies  are  oriented 
in  the  +45  directions  and  10%  of  the  plies  are  oriented  in  the  90"  direction. 
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1.  INTRODUCTION  AND  BACKGROUND 


Future  aircraft  will  require  airframes  that  are  lighter  weight,  easier  to  maintain  and 
more  durable  than  current  construction  approaches  and  materials.  The  use  of  composite 
materials  in  primary  structures  offers  promise  of  significant  weight  savings ,  due  to  their 
greater  specific  static  strength  and  even  larger  improvement  in  fatigue  strength.  However# 
proof  of  the  ability  of  composite  structures  to  be  tolerant  of  both  initial  manufacturing 
defects  and  damage  induced  by  service  usage  was  necessary  before  their  application  to 
aircraft  primary  structures. 

programs  to  evaluate  the  damage  tolerance  of  composite  structures  have  been  initiated 
by  several  different  agencies  under  the  Department  of  Defense.  Each  of  these  programs  have 
been  directed  towards  a  different  aspect  of  the  subject  area;  this  paper  summarizes  some  of 
the  work  per formed  by  the  McDonnell  Aircraft  Company  in  each  area. 

The  effect  of  manufacturing  defects  on  the  static  and  fatigue  strength  of  laminateB 
with  loaded  and  unloaded  fastener  holes  was  conducted  in  Reference  (1)  program  and  is 
described  in  Section  2.  The  effect  of  low  energy  impact  damage  on  composite  structures  was 
included  in  several  programs  with  the  United  states  Navy  (References  2,  3,  and  4);  the 
results  are  described  in  Section  3.  Finally,  the  effect  of  ballistic  damage  caused  by  23 
nun  high-explosive  projectiles  conducted  in  conjunction  with  Reference  (2)  program  is 
described  in  Section  4. 

2.  MANUFACTURING  DEFECTS  AT  FASTENER  HOLES 

The  effects  of  several  types  of  manufacturing  defects  commonly  found  in  aircraft 
structures  were  investigated  under  Reference  (1)  program.  This  investigation  was  performed 
using  laminates  with  loaded  fastener  holes,  a  common  critical  structural  design  feature  in 
aircraft  composite  structures.  In  many  cases,  tests  were  conducted  with  specimens  in  which 
the  defect  or  anomaly  wai-  more  severe  than  exx^ected  from  current  manufacturing  processes. 
In  all  cases,  defects  which  resulted  in  strength  reductions  greater  than  ib%  would  have 
been  detected  using  current  industry  inspection  techniques  and  would  have  been  rejected  or 
repaired  to  meet  current  acceptance  criteria. 

Tests  were  performed  to  determlhe  the  effects  on  static  strength,  compared  to  baseline 
sx^ecimens,  and  the  effects  on  fatigue  strength  and  hole  wear. 

(a)  Static  Strength  -  The  effect  of  seven  manufacturing  defects  on  static  strength 
was  evaluated  by  comparing  static  strength  of  joints  with  a  particular  defect  with  the 
static  strength  of  baseline  joint  sx>eciinene  with  no  defect.  The  test  matrix  is  presented 
in  Figure  1. 


Anomaly 

Number  of  Tens 

Par  Environment 

Total 

Specimen 

Tests 

RT  (Dry) 
Tension 

RT  (Watt 
Compression 

ET  (Weti 
Compression 

1.  Out-of-Round  Holiis 

"1"  Laminate  <60/40/10) 

4 

- 

- 

4 

"2“  Laiilin»l«  (30/00/10) 

4 

- 

- 

4 

2,  Broken  Fibers  on  Exit  Side  of  Hole 

Sevuio  Uulaminatlon 

4 

4 

4 

12 

Moderate  Dulaminaiion 

4 

4 

4 

12 

3.  Porosity  around  hole 

A 

Severe  Porosity 

4 

2,2  A 

4 

12 

Moderate  Porosity 

- 

2.2  A 

4 

8 

1  A  Improper  Fastener  Seating  Depth 

80%  of  Thickness 

4 

- 

- 

4 

100%  of  Thickness 

4 

- 

- 

4 

6,  Tilted  Countersinks 

Away  from  Bearing  Sur 

face 

4 

- 

4 

8 

|  Toward  Bearing  Surface 

4 

- 

4 

8 

6.  Interference  Fit 

Layup 

4  A 

0.003  In. 

1 

4 

- 

8 

2 

4 

- 

4 

8 

0.008  In. 

1 

4 

- 

4 

8 

2 

4 

“ 

4 

8 

I  7.  Fastener  Removal  and  Re  installation 

|  100  Cyclut 

4 

- 

4 

B 

Total 

116 

Figure  1.  Evaluation. of  Manufacturing  Anomallss  ■  Tsai  Matrix 
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Specimens  were  tested  to  failure  in  tension  and  compression  at  three  environmental 
conditions:  room  temperature  dry  ( RTD) ,  room  temperature  wet  ( RTW ) ,  and  elevated  tempera¬ 
ture  wet  (ETW).  ETW  tests  were  conducted  at  250*F  with  specimen  moisture  contents  of 
approximately  .80  percent  by  weight.  Hercules  AS/3501-6  carbon/epoxy  was  used  for  fabrica¬ 
tion  of  test  specimens. 

Results  from  tests  are  summarized  in  Figure  2.  indicated  percentages  of  increased  or 
decreased  strength  arc  based  on  u  comparison  with  baseline  specimens.  Detailed  results  are 
discussed  below. 


RTD 

TENSION 

COMPRESSION 

RT  A 

250“F A 

OUT  OF-ROUND  HOLES 

•  50/40/ 10  LAMINATE 

* 

_ 

__ 

•  30/60/10  LAMINATE 

-4.8 

- 

broken  fibers  EXIT  SIDE  OF  HOLE 

•  SEVERE 

-7.3 

-6.4 

-8.2 

•  MODERATE 

-1.4 

-3.2 

-4.2 

POROSITY  AROUND  HOLE 

•  SEVERE 

• 

-10.3 

-30.6 

•  SEVERE  WITH  FREEZE-THAW 

— 

-11.6 

•  MODERATE 

— 

-7.1 

-13.3 

•  MODERATE  WITH  FREEZE-THAW 

- 

-6.4 

- 

IMPROPER  FASTENER  SEATING  DEPTH 

•  80%  THICKNESS 

-16.4 

•  100%  THICKNESS 

-34.3 

- 

- 

TILTED  COUNTERSINKS 

•  AWAY  FROM  BEARING  SURFACE 

* 

~ 

-16.7 

•  TOWARD  BEARING  SURFACE 

-21.4 

- 

-16.7 

INTERFERENCE  FIT  TOLERANCES  (INCH) 

•  20/40/10  tf  0.003 

* 

— 

+  8.1  A 

e  0.008 

• 

— 

+  ».i  A 

•  30/60/10  4»  0.003 

— 

’  4 

tf  0.008 

* 

— 

*  A 

FASTENER  REMOVAL  AND  REINSTALLATiON 

•  100  CYCLES 

• 

- 

-6.3 

A  0.86%  moisture  contain  A  Tannin  loading  *L»m  U»n  2%  chany*  -  No  t«it 


Figure  2.  Strength  Reduotion  Sumnijry 


Out  of  Round  Holes  -  Effects  of  out-of-round  holes  on  joint  strength  were  evaluated  by 
d r i 1 1 In g  o £ f se t  T*UU4  inch)  holes  as  shown  in  Figure  3.  Test  results  of  specimens 
from  two  laminates  (50/40/lU  and  3o/6U/lU,  where  %0*plies/%+45*plieB/%90*pliee  are 
denoted  in  that  order)  indicated  little  sensitivity  to  out-of-round  holes. 

Broken  Fiber  e  on  Exit  side  of  Hole  -  Specimens  were  tested  fox  two  conditions; 
’,rmoderate11  dcflamlnatloniT  and  "sever*?'  deiaminationa .  In  order  to  obtain  the  various 
degrees  ol  dulaininal'ion*  drill  procedures  included  use  of  dull  bits  without  backup 
material,  and  improper  drill  and  fued  speeds. 


Figure  3.  Out-of-Round  Hole*  -  Specimen 


Delaminations  were  detected  visually  and  with  ultrasonic  C-scan.  Delaminations  were 
defined  aa  "moderate"  when  they  extended  .10-20  perc*  it  (2-4  plies  deep)  into  the  lami¬ 
nate  thicknese  on  the  exit  side.  Delaminations  were  defined  as  "severe"  when  they 
extended  20-30  percent  (4-6  plies)  of  the  laminate  thickness  on  the  exit  side.  Non¬ 
destructive  C-ecans  in  the  area  of  the  fastener  holes  with  moderate  and  with  severe 
delaminations  are  illustrated  in  Figure  4  and  compared  with  a  nominal  condition. 
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Nominal  Brokan  FIbsu  Broktn  Flbara 

Condition  Modarata  Savorc 

Dalamlnallon  DaUmlnatlon 

QP1MI1M 

Flgura  4.  C-Scans  of  Laminate*  with  Dalominationt  at  Faatanar  Holaa 


Joint  tension  strength  was  evaluated  by  testa  of  dry  laminates  at  room  temperature. 
UecauBe  of  its  sensitivity  to  environment,  joint  compression  strengths  were  evaluatud 
at  RTW  and  I2TW  test  conditions. 

Teat  results  are  summarized  in  figure  5  along  with  beseline  strength  data.  Strength 
reductions  of  1.4  percent  and  7.3  percent  occurred  in  RTD  tension  tests  for  specimens 
with  moderate  and  severe  delaminations ,  respectively.  severe  delaminations  caused  a 
9.2 "i  reduction  of  compression  strength  at  25U *P. 


QCJi-onr-l 


Figure  5.  Effect  of  Dalaminatfons  on  Joint  Strength 


Porosity  -  Two  levels  of  porosity  were  evaluated;  "moderate1*  and  "severe".  Desired 
levels  of  porosity  in  the  50/40/10  laminate  were  obtained  by  using  the  altered  colla¬ 
tion  and  curing  procedures  summarized  in  figure  &.  Specimens  were  located  within 
panels  such  that  fastener  holes  occurred  in  areas  of  desired  porosity  levels  as  indi¬ 
cated  by  photomicrograph  and  nondestructive  inspections  ("igure  7). 


Process  UMd  (o  Produce 


1 9*5 


Curing  Procedure 

— 

Process  Used  for 
Good  Panels 

Vacuum  Debulk 

Intermediate  Temperature  Hold 
Bag  Vacuum 

Autoclave  pressure 

Added  Moisture  & 

Yes 

1  hr  ®  275’F 

P.05  In.  Hg 

100  palg 

None 

Moderate  Porosity 


Severs  Porosity 


None 
None 
0.8  In.  Hg 
50  palg 
Every  7th  Ply 


None 
None 
1.5  In.  Ho 
50  psiu 
Every  Ply 


/\  Fin*  ml*t  sprsystf  DStwMn  pllai 


WUA 117-27 


Figure  6.  Panel  Fabrication  Procedures  Used  to  Produce  Panel  Porosity 


(b)  Severe  Poroaily 

OW-0II7S 


Figure  7.  Example*  of  Panel  Poroelty 

Strengths  of  baseline  specimens  and  specimens  with  porosity  are  compared  in  figure  a. 
Little  sensitivity  to  severe  porosity  was  indicated  under  tensile  loading.  Under 
compressive  loadings,  strength  reductions  ranged  from  7-13.3  percent  for  specimens 
with  moderate  porosity  and  10-30.8  percent  for  specimens  with  severe  porosity.  Thu 
greatest  reductions  occurred  at  250*1?'  teat  condition. 

improper  Fastener  Seating  Depth  -  Effects  of  excessive  countersink,  depth  on  joint 
strength  were  evaluated  by^tostXng  composite  joint  members  having  fasteners  seated  too 
deeply  in  a  typical  laminate  (50/40/10).  Two  conditions  of  countersink  depth  were 
evaluated  at  room  temperature  in  tension. 

Strengths  are  compared  with  baseline  strengths  in  l-'igure  9.  Strengths  for  joints  with 
excessive  countersink  depths  (Bo%  and  100%)  are  compared  with  strength  of  specimens 
with  nominal  countersunk  depths  (52%  of  laminate  thickness).  Joint  strengths  for 
countersir.’  versus  noncountersJ  nk  laminates  indicated  no  significant  reductions 
occurred  •*  jn  fastener  seating  depth  was  nominal.  The  relative  amount  of  cylindrical 
bearing  area  as  compared  to  countersink  bearing  area  may  account  for  the  demonstrated 
loss  in  strength.  Earlier  tests  have  indicated  that  the  maximum  cylindrical  bearing 
capacity  is  nearly  160  ksi  for  large  edge  distances.  An  analysis  of  the  forces  in  the 
region  of  the  countersink  indicates  an  effective  bearing  capacity  of  110  ksi,  when 
friction  is  accounted  for  and  when  sufficient  head  bearing  area  still  rt  -tains.  Using 
these  capacities  results  in  predicted  reductions  of  14%  and  30%,  to  be  compared  with 
the  demonstrated  reductions  of  10.4%  and  34.3%,  respectively. 
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Flour*  6.  EfUct  of  Porosity  on  Joint  Strength 


Countersink  Depth 
(60/40/10  Layup) 
RTD,  Ttnalon 

<k»l> 

*aroa* 

OtlnJInJ 

%  Chang* 

pbru 

‘Cross 

Nominal 

140 

3,990 

— 

— 

80% 

117 

3,240 

-  18.4 

-18.B 

100%  (Knife  Edge) 

92 

2,040 

-34.3 

-  38.3 

QfU-0117  2 


Flgur#  0.  Effect  of  CounUrtink  Depth  on  Joint  Strength 


Tilted  Countersinks  -  Countersink  perpendicularity  was  investigated  for  two  condition.-, 
of  misalignment!  The  misaligned  countersink  was  tilted  ID’  away  from  the  bearing 
surface  for  one  condition  and  tilted  10*  toward  it  for  the  other.  Testa  were  con¬ 
ducted  in  tension  at  RTD  and  in  compression  at  250 ’F  after  specimen  moisture  condition¬ 
ing.  Experimental  results  are  summarized  in  Figure  10. 

Interference  Fit  -  The  effects  of  fastener  interference  fits  on  joint  strength  were 
Investigated  IrT  two  different  laminates  (5G/40/H)  and  30/60/10).  Two- fastener-in- 
tandem  specimens  were  tested  to  failure  in  tenuion  at  RTD  and  ETW  conditions. 
Specimens  with  both  .003  and  .  UQB  inch  levels  of  interference  fit  were  tested. 

Results  (Figure  11)  for  both  layups  indicate  an  insensitivity  to  interference  at  room 
temperature.  Joint  strength  of  the  more  fiber-dominant  50/40/10  layup  improved  under 
ETW  conditions  for  both  levels  of  interf erence .  However,  joint  strengths)  of  the 
matrix-dominant  30/60/10  layup  showed  no  change  at  the  ETW  test  condition. 
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Figure  10.  Effect  of  Tilted  Countersink  on  Joint  Strength 
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Figure  11.  Effect  of  Festener  Interference  Fit  on  Joint  Strength 


Laminate  damage  due  to  fastener  installation  at  interference  fits  ranging  from  .002  to 
.008  inch  were  further  evaluated  for  fasteners  requiring  pull-through  installation 
techniques.  Representative  photomicrographs  are  shown  in  Figure  12.  Little  or  no 
damage  resulted  from  a  fastener  interference  of  .0035  inch  or  less;  however#  damage  is 
indicated  at  the  fastener  exit  side  as  well  as  aLong  the  entire  fastener  length  for 
interference  fits  from  .004  through  .008  inch. 

Fastener  Removal  and  Reinstallation  -  These  tests  were  used  to  evaluate  whether 
repeated  installation  and  reinstallation  would  locally  damage  the  laminate  hole  area, 
and/or  affect  joint  strength.  Fasteners  were  installed,  torqued  to  50  inch-pounds, 
and  completely  removed.  This  procedure  was  repeated  100  times  prior  to  strength 
testing.  specimens  were  tested  to  failure  in  tension  at  RTD  and  in  compression  at 
FTW. 
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Figure  12.  Photomicrograph  Examination  of  Lamlnatas  with 
Intarfaranca  Fit  Holea 


Visual  appearance  of  all  fastener  holes  after  installation  and  re-installation 
cycliny  was  unchanged.  Strength  data  listed  in  figure  13  indicates  little 
sensitivity  to  RTD  tensile  test  conditions.  Compressive  strength  values  indicated  an 
increased  sensitivity  (8.3$  reduction);  however,  test  scatter  for  the  compression 
tests  was  large. 

(b)  Fatigue  Strength  and  Hole  Wear  —  Tests  were  conducted  with  specimens  with  and 
without  internal  porosity  to  determine  the  effects  on  joint  fatigue  life,  hole  wear,  and 
failure  inodes.  lAuphasis  was  placed  on  generation  of  hole  wear  data  and  ito  relation  to 
joint  fatiyue  life. 
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Figure  13.  Effect  of  Faalanar  Removal  and  Rel  siallation  on  Joint  Strength 
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A  pure  bearing  test  specimen  was  used  (Figure  14).  Tension-tension  (R  *  +U.1)  and 
tension-compression  (R  «  -1.0)  constant  amplitude  testing  was  performed  at  room  temp¬ 
erature  with  specimens  in  the  as-manufactured  condition.  Hercules  AS/3501-6  carbon/epoxy 
was  also  used  for  fabrication  of  all  fatigue  and  hole  wear  test  specimens. 


Protruding  Head 


Countersink  Head 


Loading  Configuration 

Figure  14.  Fatigue  Specimen  Configuration 


All  constant-amplitude  fatigue  specimens  were  cycled  to  failure,  or  10b  cycles,  which¬ 
ever  occurred  first.  Specimens  which  did  not  fail  in  I0fo  cycles  were  tasted  to  determine 
residual  strength.  Constant  amplitude  fatigue  testing  was  performed  at  throe  stress 
levels  for  each  specimen  type.  Selection  of  the  stress  levels  for  fatigue  testing  was 
'iw.sed  on  load-dof  lection  data  obtair.-jd  from  static  tests.  Duriny  fatiyue  testing, 
load-deflection  data  were  also  obtained  each  time  a  specified  hole  wear  level  was  reached . 

The  evaluation  included  three  layups;  the  fiber- dominated  layup  50/<*'j/lU,  and  two 
matrix-dominated  layups:  19/76/5  and  30/60/ 10. 

Residual  strengths  were,  in  general,  equal  to  or  greater  than  nonfatiyueu  specimen 
static  strengths;  however,  in  most  cases,  these  specimens  had  acquired  hole  wear  of  .02 
inch  o'  greater  during  fatigue  testing.  For  structural  applications,  hole  elongations  of 
.02  inch  exceed  the  usual  yield  criteria  for  metallic  joints  which  may  also  represent  a 
tentative  criteria  for  composite  joints. 

Results  of  tension-tension  (R  =  +U.1)  and  tension-compre  ion  (R  -  -1.0)  cyclic 
loading  on  each  laminate  at  room  temperature,  dry  (RTD)  test  co  ions  are  summarized  in 
Figures  15,  16,  and  17,  in  terms  of  fatigue  cycles  required  to  p  duce  an  0.02  inch  hole 
wear  in  the  fastener  hole.  The  results  indicate  similar  static  and  fatigue  strength  for 
all  layups  for  tension-tension  (r  *  +0.1)  cycling,  as  summarized  in  Figure  18.  For 
tension-compression  (R  =  -1.0),  the  19/76/5  and  30/uO/lU  matrix-dominant  layups  sustained 
fewer  load  cycles  prior  to  developing  an  .02  inch  hole  wear,  as  compared  to  the  50/40/10 
layup  (Figure  19), 

Tests  of  specimens  with  moderate  porosity  were  conducted  to  evaluate  the  effects  of 
this  anomaly  on  joint  durability.  Earlier  Btatic  tests  indicated  that  moderate  levels  of 
porcsit}  had  a  minor  effect  on  static  joint  strength  at  room  temperature.  Specimens  with 
moderate  porosity  in  regions  of  fastener  holes  were  tested  under  R  =  +0.1  and  R  ■  -1.0 
fatigue  loadings  at  room  temperature  dry  conditions.  Life  data  is  compared  in  Figure  2u 
with  baseline  daua.  No  reduction  of  static  strength  or  joint  fatigue  life  was  indicated. 


The  rate  of  hole  wear  in  other  tests  of  composite  joints  without  porosity  at  R  -  +0.1 
is  summarized  in  Figures  21,  22,  and  23  for  three  levels  of  wear  (  .UU5,  .010,  and  .U2U 
inch) .  These  data  indicate  that  t!  e  matrix-dominant  19/76/5  layup  exhibited  earliest 
initiation  of  hole  wear,  but  had  the  most  yradual  rate  of  accumulation.  Conversely,  the 
fiber-dominant  (50/40/10)  layup  exhibited  the  most-delayed  initiation  of  hole  wear,  but 
had  the  most  rapid  accumulation.  The  30/60/10  layup  exhibited  an  intermediate 
performance. 

The  spring  rates  of  the  test  specimens  for  the  50/40/10  layup  were  also  determined  at 
various  times  in  -he  constant  amplitude  fatigue  testing  to  determine  correlation  with  hole 
wear  data.  Hole  wear  data  for  this  layup  at  RTD,  shown  in  Figure  24  are  similar  in 
threshold  points  and  trends  to  joint  spring  rate  data  summarized  in  Figure  25. 
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Figure  16.  RTD  Baaeline  Joint  Fatigue  Ufa 
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Flgurt  16.  RTD  BiMilna  Joint  Fatigue  Ufa 
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Figure  17.  RTD  Baaaiina  Joint  Fatigua  Ufa 
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Figure  10.  Comparison  of  R  -  +0.1  Joint  Fatigue  Ufa 
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Flgura  20.  Effect  of  Porosity  on  Joint  Fatigua  Ufa 
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Figure  24.  Effect  of  R  -  +0.1  Loading  on  Hole  Wear 
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Figure  25.  Effect  of  Fstlgut  Loading  on  Joint  Spiing  Rife 

50/40110  Layup  R=  +0.1 


3.  LOW  ENekuV  IMPACT  damage 

Tha  affect  of  low  energy  impact  damage  on  the  itatic  and  fatigue  etrength  of  carbon/ 
epoxy  wing  cover  skin  etructuree  and  of  integrally  stiffened  panels  typical  of  poetbuckling 
fuselage  structures  was  evaluated. 

(a)  Wing  Cover  Skin  Structural  panels  -  Effect*  of  low-energy  impact  to  an  upper  wing- 
skin  were  evaluated  in  static  compression  and  fatigue  tests  (Reference  2).  Specimens  incor¬ 
porated  epanwise  rows  of  Kevlar  stitches  simulating  the  patterns  proposed  for  reinforcing 
cocured  skin-to-stif fener  joints. 

The  specimen  configuration  is  presented  in  Figure  26.  Various  impact  enorgiss  were 
evaluated  to  determine  the  energy  level  representing  the  threshold  between  visible  and 
nonvielble  impact  damage.  A  .50— inch  diameter  indenter  was  used  while  specimens  were 
supported  over  a  3— by-3-inch  opening.  An  B-ft-lb  energy  level  was  determined  to  be  the 
minimum  level  to  produce  visible  surface  damage.  The  8  ft-lb  energy  level  was  also 
considered  to  be  representative  of  expected  damage  from  dropped  tools  and  damage  from 
runway  stones.  Resulting  internal  damage  detected  in  ultrasonic  inspection  of  the  four 
specimens  ranged  from  1.2-inch  to  1.5-inch  diameter. 
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Figure  26.  Specimen  Configuration  •  Skint  with  Nonvleible  Impact  Damage 


The  setup  for  these  compression  teste  is  shown  in  Figure  27.  Each  end  of  the  specimen 
was  bolted  to  a  loading  adapter  which  fit  within  hydraulic  grips  in  the  upper  and  lowor 
platens  of  the  test  machine.  Back-to-back  channels  having  access  holes  for  instrumentation 
were  clamped  onto  the  specimen  for  skin  stabilization.  The  area  between  the  two  central 
rows  of  stitches  in  the  specimen  contained  the  damage  and  was  not  stabilized  by  the 
channels .  The  column  composed  of  the  specimen  with  loading  adapters  on  each  end  was 
supported  at  two  locations  by  additional  fixturing  which  was  attached  to  the  test  machine. 
Strain  data  from  back-to-back  gages  on  the  specimen  indicated  little  bending.  Measured 
strains  in  the  stabilizing  channels  were  negligible. 


Figure  27.  Structural  Test  Setup  •  Compressive  Strength 
of  Damaged  Specimens 
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Results  of  static  compression  tests  indicated  that  stitches  were  not  sufficient  to 
prevent  damage  propagation  and  overall  failure  at  strain  levels  above  -4500  pin/ in.  Strain 
data  indicate  local  bending  in  the  damaged  area  at  low  loads#  possibly  contributing  to  the 
failures . 

A  fatigue  test  of  the  remaining  specimen  was  conducted  to  aseess  damage  containment 
features  of  the  stitch  pattern.  A  compression-dominated  spectrum  was  used.  Damage 
detected  in  ultrasonic  inspection  was  initially  1.6-inch  long  and  1.4-inch  wide  but  grew  to 
l. 7-inch  .long  and  2.7-inch  wide  after  24,000  equivalent  flight  hours  of  spectrum  loading. 
For  the  one  specimen  tested  at  the  reduced  strain  level,  damage  was  contained  by  parallel 
rows  of  stitches  which  were  spaced  at  2.75  in.  In  residual  strength  tests  of  this 
specimen,  the  far-field  strain  at  failure  was  -4200  P in/in. 

These  test  results  are  summarized  in  Figure  2B  in  terms  of  far-field  failure  strains 
as  a  function  of  damage  sizes  detected  in  ultrasonic  inspections.  Test  results  for  coupons 
with  a  . 25-indh  diameter  hole  are  also  shown  in  Figure  28.  The  predicted  strengths# 
presented  au  a  solid  line,  were  determined  using  the  methodology  of  Reference  1  and  the 
material  properties  shown  in  Figure  29.  These  predictions  correlate  well  with  test  results 
for  specimens  having  a  .25-inch  diameter  hole.  Predictions  for  specimens  containing  impact 
damage  were  made  for  damage  modeled  as  open  round  holes. 
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Figure  28.  Residual  Strength  o!  Specimens  with  Nonvlelble  Impact  Damage 


Ply 

Property 

Average  Teat  (RTD)  | 

AS  1/3602 

S42laaa/Epoxy* 

E,t  •  p.l  (GP») 

10.3  X  10s  (126.2) 

0.0  X  10®(55,2| 

EfC  -  pal  (QPa) 

17.3  x  IQ6  (119.3) 

7.6x10®  (51 .7 

Ejt  -  p.l  (GP«) 

1.4  X  10®  (3.7) 

2.7  X 10®  (18.8) 

Ejc  •  p.l  (GP») 

1.8X10®  (12.4) 

27  x  10®  (18.6) 

G12  -  pel  'GPa) 

0.8X10®  (6.2) 

0.8X10®  (5,6) 

Vl2 

0.3 

0.26 

-  pln./ln. 

12,900 

35,700 

e-jc  •  /iln./ln. 

-18,200 

-13.600 

e2T  •  Mln./In. 

5,000 

3,500 

e2^  -  filn./ln. 

-26,600 

-20,000 

*12  -  n\n.l\n. 

60,000 

60,000 

•Plaatlca  >or  Aaroapaca  Vahlolaa: 

‘Pan  1  -  Haln 'Oread  PUatlca,  MIL-HDBK-17A,  January  1071 

•MiaiiM 


Figure  29.  Composite  Material  Properties 
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Teat  results  indicate  that  impact  damage  produced  an  effective  strain  concentration 
greater  in  magnitude  than  a  round  hole  of  equivalent  size.  Strengths  predicted  for  an 
equivalent  hole  size  were  unconservative  by  approximately  30%,  possibly  due  to  local  struc¬ 
tural  instability  of  delaminate  plies  within  the  damaged  zone. 

Test  results  are  summarized  in  Figure  30,  where  strain  data  are  shown  for  a  nominal 
applied  load  of  -20,000  lbs,  the  limit  load  level  used  for  the  fatigue  test,  and  the 
failure  load  levels.  Sizes  of  nonvisible  impact  damage  were  determined  by  ultrasonics  and 
are  also  shown  in  this  figure.  A  typical  strength  failure  is  shown  in  Figure  31.  No 
fatigue  failure  occurred  in  four  design  lifetimes  of  spectrum  fatigue  loads. 
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Figure  30.  R.ddu.l  Strength  o<  5p.cim.ni  with  Nonvl.lbl.  Impact  Dimag. 
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Figura  31.  Typical  Fallad  Skin  Spaclman 


(b)  integrally  Stiffened  Poatbuckling  Fuselage  Panels  -  The  effects  of  low  energy 
impact  on  the  structural  integrity  of  two  types  of  iuselayu  panels  were  evaluated* 
fuselage  compression  p^nuls  and  fuselage  shear  panels. 

Fuselage  Compression  Panels  -  Tests  were  performed  to  evaluate  the  effectiveness  of 
Kevlar  stitches  for  containing  nonvieible  low-eneryy  impact  damage  in  cocured  skin- 
stiffener  joints  of  buckled  composite  panels  loaded  in  compression.  Such  damage 
nucleates  disbonds  which  grow  under  cyclic  loads  and  lead  to  panel  failure.  One 
method  for  containing  disbonds  and  improving  the  durability  of  akin  stiffener  joints 
is  to  reinforce  such  joints  with  Kevlar  stitches. 

This  baseline  behavior  of  curved  stiffened  panels  under  compression  poutbuckling  loads 
wan  determined  An  a  previous  test  program  (Reference  3).  Fatigue  failures  wore 
precipitated  by  local  Usbonds  occurring  in  undamaged  akin-stiffenei  joints. 

Cyclic  load  tests  were  conducted  on  a  curved  stiffened  panel  identical  to  those 
previously  tested  except  that  each  cocured  joint  was  reinforced  with  two  rows  of 
Kevlar  stitches.  Low  energy  iiux>acts  were  made  to  produce  inturnal  damage  in  two  areas 
of  high  peel  stress  areas  (Figure  32)  where  disbonds  had  occurred  in  the  earlier 
cyclic  load  panel  tests  (Reference  3).  The  damage  shown  in  Fiyure  32  (white  areas  of 
C-scan)  w»b  produced  by  a  Bpherical  indentor  with  10  ft  lb  impact  energy. 

Disbonds  were  detected  and  growth  was  monitored  by  periodic  ultrasonic  inspections. 
C-scan  inspection  records  for  the  center  stiffener  of  a  baseline  panel  (3F)  are  shown 
in  Figure  33,  where  sound  attenuation  occurring  from  disbonds  and  from  air  trailed 
within  hat  stiffeners  is  indicated  by  a  black  area.  Disbonds  in  baseline  panels 
initiated  and  grew  from  the  base  of  the  flange  with  increasing  load  cycles.  An  identi¬ 
cal  panel  with  Htitching  survived  1,UUO,OOU  cycles  and  showed  only  minor  evidence  of 
disbonding . 

The  damage  containment  capability  of  Kevlar  utiLches  was  significant.  An  unstitched, 
undamaged  baseline  panel  suffered  failure  alter  3,500  load  cycles  where  the  peak  load 
was  -55  kips.  A  stitched,  undamaged  panel  was  cyclically  loaded  without  failure  for 
2B0,00U  cycles  to  -50  kips  followed  by  an  additional  2BU,(JU0  cycles  to  -55  kips.  This 
test  sequence  using  a  stitched,  damaged  panel  wab  repeated?  again  the  reinforced  panel 
survived  both  groups  of  200,000  load  cycles.  In  addition,  ultrasonic  inspections 
conducted  after  each  block  of  140,000  eyelet  indicated  good  containment  of  the  impact 
damage  with  no  disbond  growth.  Reinforcement  with  Kevlar  stitches  was,  in  this  case, 
an  affective  means  of  assuring  durability  of  cocured  joints  having  nonvisible  impact 
damage . 

Fuselage  Shear  Panels  -  Tests  wore  also  performed  to  determine  the  effect  of  low 
energy  impact  damage  on  the  sta-c  and  fatigue  strength  of  integrally  stiffened  shear- 
loaded  panels  operating  in  the  postbuckling  regime  (Reference  4).  The  as-manufactured 
ultimate  strength  of  the  baseline  test  panel  was  029  lb/ in.  A  typical  panel  under 
poutbuckling  loads  is  shown  in  Figure  34.  Maximum  mid-panel  lateral  deflection  for 
the  static  panels  was  in  order  of  0.2  inches. 
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Figure  34.  Buckled  Shear  Pine  I 


The  panel  configuration  and  the  locations  of  low  energy  impact  damage  is  shown  in 
Figure  35.  An  impact  apparatus  was  designod  with  the  capability  of  impacting  the 
panels  from  either  side-  A  slotted  metal  impact  tube  was  used  to  direct  the  impact 
weight  tu  the  desired  impact  point.  The  1/2  inch  diameter  round  ball  impact  tool, 
Figure  36,  rests  against  the  panel  and  is  centered  inside  the  impact  tube  by  a  tool 
guide.  All  damaged  panels  were  impacted  on  the  skin  eide. 

panels  were  first  impacted  in  the  center  bay  using  decreasing  energy  levels  starting 
at  10  ft-lbs.  The  threshold  level  at  which  full  penetration  was  achieved  was  in  the 
range  of  4.0  to  4.5  ft-lbs.  impact  energy  level*  up  to  4.0  ft-lbs  have  been  estimated 
for  fuselage  lower  surface  for  foreign  object  damage  such  as  ice  and  gravel  impacts 
during  landing  and  take-off  situations  and  for  fuselage  vertical  sides  and  corners  fur 
ground  handling  impacts  from  hard  objects  such  as  tools  (Reference  5). 
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Figure  35.  Shear  Panel  ConJiguratlon  and  Impact  Damage  Locations 
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Impacting  Tool 
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Flgurs  36.  Impacting  Tool  and  Quid* 


A  tent  panel  after  being  subjected  to  multiple  strikes  in  the  range  of  4.U  to  4.5 
ft-lbs  is  shown  in  Figure  37.  It  was  observed  that  while  damage  on  the  skin  outer 
surface  appeared  different  at  different  energy  levels,  the  damage  on  the  inner 
surface,  in  the  form  of  del  ami  nation  of  the  outer  +45*  ply*  was  similar  for  all 
strikes,  A  second  impacted  panel  showed  similar  behavior. 

Enhanced  radiographic  inspections  of  the  strikes  at  4.25  and  4.3  ft-lbs  are  shown  in 
Figure  3U.  An  energy  level  of  4.3U  ft-lbe  was  adequate  to  achieve  broken  fibers 
across  full  1/2  inch  diameter.  Internal  damage  was  diamond  shaped,  probably  due  to  0, 
+45,  90  ply  orientations.  Through-the-thickness  damage  as  indicated  by  r* -liographic 
Inspection  was  similar  for  both  energy  levels,  although  visual  appear,  nces  were 
different.  U« lamination  on  the  inner  surface  of  the  skin  (stiffener  Bid  >)  in  the 
outer  +45*  ply  extended  to  the  adjacent  hat  flange  (both  sides). 

Five  additional  panels  were  damaged  using  an  energy  level  of  4.30  ft-lbs.  Three 
panels  were  impacted  at  a  buckle  crest  location  in  the  center  bay  of  the  panel.  The 
remaining  two  panels  were  impacted  at  a  location  where  failures  occurred  during 
iatigue  loading  of  the  baseline  panels.  These  impact  locations  are  shown  in 
Figure  35.  All  panels  were  impacted  on  the  ski"  side. 

of  the  three  panels  impacted  in  the  center  bay,  one  panel  was  statically  tested  to 
failure?  the  remaining  two  panels  were  fatigue  tested  at  a  load  level  to  preclude 
stiff onor  disbonding.  The  two  panels  impacted  at  the  critical  stiff oner/skin  inter¬ 
face  region  were  fatigue  tested  to  a  load  which  produced  stiffener  disbonding  in  the 
baseline  panels. 

The  damage  sustained  by  the  panel  for  static  testing  which  was  subjected  to  a  center 
bay  impact  of  4.30  ft-lb  is  shown  in  Figure  39.  The  radiograph  of  this  area  is  shown 
in  Figure  40.  The  degree  and  type  of  damage  was  similar  to  that  obtained  in  the 
exploratory  tests. 

Initial  buckling  for  the  impacted  panel  occurred  at  104  lb/in  and  panel  static  failure 
occurred  at  771  lb/in,  compared  to  an  average  of  829  lb/ in  for  the  undamaged  static 
test  panels.  Strain  data  was  similar  to  data  obtained  in  tests  of  undamaged  panels? 
however,  the  maximum  strain  magnitudes  achieved  were  loss  due  to  the  lower  failing 
load.  This  panel  failed  across  the  tension  diagonal  through  the  impacted  region, 
preceded  by  stiffener  separation  similar  to  baseline  static  test  panels. 

The  two  fatigue  test  panels  which  were  subjected  to  center  bay  impact  da  je  were 
tested  to  a  maximum  fatigue  load  of  nf  ultimate  strength  (NxyRiax  -  41',  lb/in). 
Previous  tests  showed  this  level  to  be  the  endurance  limit  of  the  as-manufactured 
panels. 
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All  panels  were  subjected  to  constant  amplitude  fatigue  loading  at  a  stress  ratio  R  * 
0.1  for  two  blocks  of  50,000  cycles  each  for  a  total  of  100,000  cycles  or  failure , 
whichever  occurred  first.  Strain  surveys  were  taken  prior  to  testing,  and  after  each 
block  of  cycling  to  determine  the  effect  of  fatigue  on  panel  performance.  Panels 
surviving  100,000  cycles  were  subjected  to  a  residual  strength  test.  A  summary  of  all 
fatigue  rest  its  is  presented  in  Fiyure  41  and  in  Figure  42. 
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Figure  42.  Panel  Fatigue  Performance 

The  impact  damage  sustained  by  the  first  fatigue  test  panel  was  similar  to  that 
observed  both  in  the  exploratory  tests  and  in  the  static  test  panel.  This  panel 
survived  100,000  cycles  with  no  visible  stiffener  separation  or  significant  decrease 
in  initial  buckling  strength  observed.  Radiographic  inspections  of  the  impact  region 
prior  to  fatigue  testing,  after  50,000  cycles,  and  after  100,000  cycles  are  shown  in 
Figures  43,  44,  and  45  respectively.  The  damaged  region  did  not  grow  during  fatigue 
loading.  Residual  strength  for  the  panel  was  778  lb/in  with  sheet  rupture  occurring 
across  the  tension  diagonal  through  the  impacted  region  similar  to  that  observed  for 
the  static  test  panel. 
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Figure  46.  Radiographic  Impaction  of  Impact  Uainaga  Altar  100,000  Cycle* 


Two  o titer  panelu  were  impacted  at  the  critical  frame  flange/ skin  location  and 
subsequently  fatigue  tested.  These  panels  were  tested  to  a  maximum  fatiyue  load  of 
55“4  of  ultimate  strength  to  assure  frame  flange/skin  separation.  Both  panels  survived 
100,000  cycles  with  visible  stiffener  separation  occurring  at  the  impact  location  at 
950  and  2300  cycles  respectively.  Baseline  panels  tested  to  this  level  separated  at 
4500  and  33,000  cycles,  respectively . 

The  frame  flange/ skin  separation  in  the  impacted  region  became  extensive  for  both 
panels  during  the  first  50,000  cycles.  The  frame  flange  along  the  impacted  side  of 
the  center  bay  became  nearly  totally  separated  from  the  skin,  causing  a  shift  in  the 
center  bay  buckling  mode.  Mid-panel  strain  response,  figure  4b,  indicated  that  the 
majority  of  separation  occurred  during  the  first  50,000  cycles  causing  a  shift  in 
buckling  mode  as  indicated  by  the  change  in  strain  data  for  cycles  50,000  and  100,000. 
Buckling  strengths  of  115,  03,  and  53  lb/in  prior  to  fatigue  testing  and  after  50,000 
and  100,000  cycles,  respectively,  also  indicate  that  the  majority  of  damage  occurred 
during  the  first  50,000  cycles.  Residual  strengths  for  bath  impacted  panels  was 
greater  than  the  baseline  panels,  with  sheet  rupture  across  the  tension  diagonal. 

4 .  BALLISTIC  DAMAGE 

Tests  and  analyses  were  performed  to  evaluate  the  effects  of  damage  from  impact  of  23 
mm  high-explosive  ballistic  projectiles  on  the  residual  strength  of  composite  structure 
incorporating  various  damage  containment  features.  Various  test  setux>s  were  used  to 
simulate  air-to-air  and  ground-to-air  ballistic  threats  to  ux>per  and  lower  wing  skins. 
Good  correlation  was  obtained  between  measured  residual  strengths  and  predictions  made 
using  the  maximum  strain  failure  criterion  in  conjunction  with  peak  strains  calculated 
about  a  hole  in  an  orthoLropic  plate. 

Carbon/epoxy  specimens  representative  of  monolithic  wing  skins  and,  for  comparison,  an 
aluminum  Bi^ecimen  were  damaged  using  23  mm  HE1  projectiles.  All  specim  >s  were  flat, 
unstiffened  plates. 

Three  damage  containment  features  were  incorporated  in  some  composite  specimens  and 
evaluated  relative  to  the  performance  of  baseline  composite  8x>ecimens.  These  features, 
Figure  47,  included  parallel  rows  of  Kevlar  stitches,  closely-spaced  parallel  rows  of 
imbedded  glass/epoxy  buffer  strips,  and  wider-spaced  parallel  rows  of  wide  glass/epoxy 
buffer  strips. 

The  stitched  specimens  utilized  Kevlar  thread  having  a  breaking  strength  of  120  lbs 
and  installed  at  four  to  six  stitches  per  inch.  Improved  durability  and  damage  containment 
were  previously  demonstrated  in  structures  where  cocured  skin-to-substructure  joints  were 
reinforced  with  Kevlar  stitches.  in  the  specimens  which  incorporated  glass/epoxy  buffer 
strips,  the  0*  plies  of  grax^hite/ epoxy  were  locally  replaced,  through  the  thickness,  with 
0*  plies  of  glass/epoxy  on  either  3.5  inch  centers  or  13.5  inch  centers. 
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The  test  setup  is  shown  in  Figure  4b.  Projectile  velocities,  ineaeured  with  photo¬ 
electric  screens,  ranged  from  1773  fpe  to  1891  f ps .  The  23  mm  projectile  available  for  use 
in  this  program  incorporated  a  "quick  fuse"  which  was  armed  by  inertial  forces  and, 
although  triggered  upon  initial  impact,  featured  a  delay  to  allow  2-3  inch  penetration 
prior  to  detonation.  In  this  setup,  the  performance  with  a  "superquick"  fuse 
(instantaneous  detonation)  was  simulated  by  positioning  a  striker  plate  in  front  of  the 
specimen.  Specimens  were  positioned  normal  to  the  trajectory.  A  water  tank  with  deflector 
plate  was  used  to  capture  fragments . 

Damage  from  ballistic  impact,  Figure  49,  ranged  from  a  small,  rel  ■  : ively  clean,  hole 
to  a  large  diameter  hole  surrounded  by  delaminated  plies,  to  a  large  mu J tipi e-penetration 
zone.  .  Delay-fuze  projectiles  penetrated  the  entranca-side  skin,  leaving  the  small  hole 
shown  in  Figure  49(a),  detonated  in  the  wingbox,  and  sprayed  fragments  over  a  wide  area  of 
the  exit-side  skin,  (Figure  49  (b)).  Other  projectiles,  when  a  striker  plate  was  posi¬ 
tioned  to  simulate  effects  of  superquick  fuzes,  led  to  the  damage  shown  in  Figure  50. 
Delaminated  areas  of  tect  panels,  detected  in  ultrasonic  inspections,  are  identified  by  the 
dotted  lines  in  Figures  4^  and  50. 

Ultrasonic  inspection  records  presented  in  Figure  51  illustrate  the  extent  of  delamir.a- 
tion  in  specimens  incorporating  the  various  containment  features.  Relative  to  baseline 
composite  specimens,  delaminations  in  stitched  specimens  were  limited  in  width  to  the  rows 
of  stitches  adjacent  to  the  fragment-penetration  hole.  Ability  of  stitches  to  contain 
delaminations  has  been  noted  in  other  investigations.  Damage  in  specimens  incorporating 
buffer  strips  was  also  limited  in  width  by  the  imbedded  stripe;  however,  some  additional 
laminate  damage  was  noted  along  the  strips. 

The  relative  behavior  of  carbon/epoxy  and  aluminum  skins  having  the  same  flexural 
stiffness  was  also  evaluated.  The  test  setup  was  for  simulating  damage  to  the  exit-side 
from  a  projectile  wi:h  a  delayed  fuze.  Test  results  are  shown  in  Figure  52.  The 
plasticity  of  the  aluminum  permitted  to  the  b] ast/impact  energy  to  be  absorbed  by  permanent 
deformation  of  the  metal.  The  composite  specimen  remained  flat?  however,  it  exhibited 
numerous  penetrations  and  delaminations  throughout  the  damage  zone. 

The  residual  tensile  strength  of  damaged  specimens  was  determined  in  room-temperature 
static  tests  and  correlated  with  analytic  predictions.  Specimens  with  buffer  stripe, 
particularly  the  wider  strips  at  spar  locations,  exhibited  significant  improvement  in 
strength  relative  to  baseline  specimens.  Stitching  had  no  effect  on  residual  strength. 
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Figure  49.  Typical  Ballistic  Damage  •  Delayed  Fuze  Projectile 
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Figure  SI.  Domination  Damage  Delected  in  Ultraaonlo  Inapectione 
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a)  Cwbon/Epoxy  Specimen 
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Figure  62.  Typical  Damage  of  Compoeite  Specimen  Compared  to 
Metal  Specimen 


Residual  strengths  are  tabulated  in  Figure  53,  along  with  the  maximum  visible  damage 
and  the  maximum  delamination  damage  detected  by  ultrasonics.  Static  failures  were  sudden 
with  little  time  after  failure  initiation,  except  for  those  panels  witb  buffer  strips. 
Wide  buffer  strips  stopped  cracks  from  propagating  across  the  width  and  turned  the  cracks 
.lengthwise  to  propagate  along  the  imbedded  strips.  Narrow,  closely  spaced  buffer  strips 
generally  slowed  to  the  propagation  across  the  width.  In  general,  use  of  buffer  strips 
increased  residual  panel  atrength,  except  for  specimens  with  a  multi-penetration  "shotgun 
blast")  type  of  damage  (Figure  49  (b) ) . 

Residual  tensile  strengths  are  presented  in  Figure  54  as  strain-to-£ailure  for 
corresponding  damage  sizes.  strain-to-£ailure  was  calculated  on  the  basis  of  the  applied 
load  at  failure  and  gross-section  properties.  The  range  of  damage  presented  for  each 
specimen  covers  sizes  from  tbe  maximum  visible  damage  to  the  internal  damage  detected  with 
ultrasonics.  Specimens  with  buffer  strips  (shaded)  exhibited  significant  improvement  in 
residual  strength  relative  to  strength  of  baseline  specimens  (unshaded)  haviny  similar 
damage . 
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Two  analytical  procedures  for  predicting  residual  strength  were  evaluated.  All 
predicted  strengths  were  corrected  for  a  finite  specimen  width  (2U  in.).  Linear  elastic 
fracture  mechanics  analysis  techniques  (Reference  6)  were  used  to  predict  a  lower  hound. 
Projectile  damage  was  assumed  to  consist  of  through-the-thickness  defects  equal  in  width 
to  the  maximum  visible  and  maximum  internal  damage. 

In  the  second  approach.  the  damage  was  assumed  to  be  a  circular  hole  in  an 
orthotropic  plate,  and  the  methodology  of  Reference  7  was  used  to  predict  strain 
distributions  about  the  hole.  These  strains  were  used  in  conjunction  with  the  Maximum 
Strain  Failure  Criterion  to  predict  far-field  strain  to  failure  as  a  function  of  damage 
(hole)  size.  Good  correlation  was  first  obtained  between  predictions  and  test  results  for 
a  U . 25-inch-diameter  fastener  hole  followed  by  extension  of  predictions  to  larger  damage 
sizes.  The  residual  strength  of  specimens  with  buffer  strips  compare  well  with  these 
predictions . 

b .  CONCLUSIONS 

Several  conclusions  were  drawn  from  results  of  the  programs  described  above* 

First,  it  was  concluded  that  manufacturing  defects  which  produced  the  more 
significant  strength  reductions  were  easily  found  by  current  NDE  techniques  and  would  have 
been  rejected  or  repaired  by  current  acceptance  criteria.  Tolerances  and  controls  being 
used  in  fabrication  and  assembly  of  composite  aircraft  structures  are  adequate  to  assure 
uniform  strength  and  structural  performance. 

Second,  the  propagation  of  damage  from  low  energy  impact  is  dependent  on  type  of 
loading  and  strain  levels.  The  strength  loss  of  the  damaged  laminate  can  be  approximated 
on  the  basis  of  an  "equivalent"  round  hole.  The  propagation  under  repeated  loads  is 
relatively  slow  and  can  be  confined  by  relative  simple  reinforcement  techniques  such  at 
stitching. 

Third,  the  damage  caused  by  23mm  11EI  ballistic  act  is  more  significant  than  LE1U. 
Thu  loos  of  laminates  strength  due  to  ballistic  da  je  of  a  given  size  is  greater  than 
from  LED.)  of  the  same  apparent  size.  To  reduce  the  strength  loss,  more  significant 
reinforcement  techniques  such  as  buffer  strips  are  required;  stitching  is  not  adequate. 
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SUMMARY 

- — ■— ^tTIn'  significance  of  defects  in  composite  aircraft  structures  is  described  from  a 
broad,  practical  viewpoint.  The  description  is  organized  by  concentrating  on  three 
generic  defect  types  (cut  fibers,  matrix  cracks,  and  dcluuii nut  ions )  and  on  simple  loud 
components  that  can  be  generalized  to  the  most  complex  loading  cases.  Methods  lot 
evaluating  manufacturing  and  in-service  damage  in  terms  of  the  resulting  local  damage  are 
reviewed,  In  addition,  the  possible  benefits  ol  more  damage  tolerant  forms  of  composite 
muteriuis  ore  explored.^ — 

INTRODUCTION 

Recent,  walk  in  tile  area  of  damage  LuLeiance  of  composites  hus  stimulated  a  new  level 
of  understanding  of  the  effects  of  defects  In  enmpn«i  1 1-  rs .  The  subject  is  developed  hoi  o 
by  JiisL  discussing  the  loading  conditions.  The  c 1  ass i t tea l i on  of  dumuge  into  three 
generic  types  then  sets  the  singe  fur  descriptions  ol  how  the  damage  types  can  lie 
treated.  Finally,  the  imp  J  1  ca  L  i  ono  ui  diriment  forms  of  composite  materials  are 
explored. 

LOADING 

Tills  discussion  is  intended  to  encompass  all  types  of  loading  conditions  to  which 
composite  uirciuit  structures  may  In*  subjected.  Both  sialic  and  cyclic  Loadings  are 
specifically  addressed.  To  simplify  the  discussion,  loads  caused  by  thermal  and/or 
moisture  sources  are  assumed  to  be  Lncluded  as  equivalent  mechanical  loadings.  In 
addition,  the  discussion  is  restricted  to  environmental  combinations  of  temperature  und 
moisture  ill  which  the  mutrix  behaves  an  a  brittle,  glassy  solid.  In  other  words, 
viscoelastic  effects  are  uuuumed  to  be  negligible. 

Because  of  the  overwhelming  dominance  of  the  libers  in  the?  structural  liehuvLor, 
fibrous  composite  luininutes  are  iuohL  useful  in  membrane  applications.  Consequently  ,  t  bey 
are  most  of  Leu  intended  to  carry  in-plane  tension,  compression,  or  shear  loads.  Iu-pLune 
shear  will  be  assumed  to  ulwuys  be  resolvable  into  tension  und  compression  components,  so 
will  not  be  spec  II  icu 1  ly  uddruuucd. 

Loadings  lliul  put  the  libers  in  tension  bring  out  the  best  features  ol  fibrous 
composites.  The  libers  tend  to  straighten  und  upprouch  their  theotuticul  stillness  and 
strength  potential.  In  iuligMo,  tension-1 ouded  composites  are  superior  to  virtually  any 
maLeiial  ol  equal  weight.  On  the  other  bund,  the  noLeli  sensitivity  ol  the  best  structural 
libera  is  a  driving  concern  lor  engineering  applications,  und  merits  considerable 
attention  from  designers  und  unulysts,  aa  described  later. 

lu-p  me  compression  of  Luminal. es  la  greatly  complicated  by  the  tendency  lor  the 
fibers  to  bend  and  buckle.  Because  the  Jibcis  within  u  ply  are  not  reully  straight,  axial 
compress  Lou  produces  shear  components  ol  load  between  the  liber  and  mutrix.  Those  oul-oi- 
plnne  components  can  lead  to  tension  loads  in  the  matrix  that  may  cause  premature 
st l uc t u in L  failure.  Cyclic  compression  load  applications  are  especially  likely  to  trigger 
unwanted  matrix  el  I  eels.  In  compress  Lon ,  notches  also  aggravate  the  (sensitivity  by 
producing  urcuu  of  con cent  rated  load. 

. Enginoori ug  applications  of  fibrous  composites  on  uLrcrult  have  ulmost  always  had  to 
consider  the  moat  general  possible  loading  conditions.  Some  combination  ol  cyclic  tension 
mill  -oiiip  cession  *  in  the  presence  of  structural  penetrations,  is  ibe  typical  case. 

LOCAL  FAILURE  MODES 

Because  ri  tilt*  distinct  nature  oi  defects  and  damage  in  composite  laminates 
constructed  from  uirl-d i  i  ec lionu l  tape,  three  definitions  uru  es ta bi i shed  to  describe 
these  damage  states.  Figure  1  illustrates  the  cut  iiber,  matrix  crack,  and  delamiuat ion 
damage  types  that  may  occur  in  composite  lam! antes.  Cut  fibers  occur  at  every  hole, 
cutout,  and  through-truck  in  u  luminatu.  Matrix  cracks  are  characterized  as  partial 
th rough-cracks  thut  arc  cons  trained  to  arrest  Inside  the  Luminatu  and  do  nut  break 
fibers.  A  de lamina t ion  is  a  crack  thut  occurs  between  the  plies  of  a  laminate. 

The  relationship  between  various  threats  of  structural  damage  and  the  resulting 
local.  daiiuge  in  a  composite  laminate  is  illustrated  qualitatively  in  Figure  2.  The 
threats  ure  listed  in  increasing  order  based  on  the  extent  oi  damage  to  the  laminate.  it 
Is  seen  that  minor  threats  cut  or  break  few  fibers  and  cause  only  minimal  delainina Lion . 
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Conversely,  severe  threats  cut  many  fibers  and  may  cause  extensive  lielami  ita  L  ions ,  Since 
matrix  cracks  generally  occur  under  fatigue  loud  conditions,  it  is  appropriate  to  assume 
that  a  characteristic  spacing  (References  1-2)  ol  those  cracks  exists  in  the  Laminate. 
Cut  fibers  represent  an  important  damage  mode  bceuusc  the  libers  clearly  control  the 
stii'Lness  and  strength  ot  the  laminate.  When  cut-fiber  damage  occurs  as  u  hole  or 
through-notch,  it  is  generally  detectable  by  visual  means.  This  damage  does  not  grow 
under  fatigue  loading,  but  rather  causes  a  one-time  reduction  in  the  static  si  l  ength. 
Although  delaminations  cause  reduced  slit f ness  and  tensile  strength,  their  mujor  died 
Ls  to  sign i f 1 c an Ll y  tower  the  compressive  buckling  load  ot  a  composite  laminate. 
Uelami nuLi ons  are  generally  not  detectable  by  visual  means.  They  alien  grow  as  stable 
cracks  under  continued  cyclic  loading. 

Fxpaud ing  on  these  ideas  with  the  aid  of  figure  3,  we  ask  the  question  of  how  each 
of  the  three  types  of  damage  is  at  footed  by  iutigue  loading.  for  examp Le,  consider  the 
out-fiber  form  of  damage.  This  is  superficially  the  same  as  a  flaw  or  crack  in  a  metal 
structure.  Hut  unlike  the  flawed  raetullrc  structure,  the  cut-fiber  damage  does  not  grow 
under  Iutigue  loading.  furthermore,  the  residual  tensile  strength  ot  the  composite 
laminate  lias  been  observed  in  many  experiments  to  increase  when  u  smuli  notch  is  present 
(Reference  3), 

Matrix  cracks  generally  form  under  fatigue  load  conditions.  Although  they  are  not 
i  dentil  led  directly  os  a  structural  failure  inode,  Lite  matrix  crack::  may  provide 
tr.LlinLiou  sites  for  do  1  ami  itu  i  i  ona  as  shown  by  Jamison,  el  ul,  in  Reference  4.  This 
1 n to  rue L 1  on  between  matrix  cracking  and  deiaminatiou  deserves  curel u  l  scrutiny  during  the 
design  and  qualification  test  phases  to  ensure  that  a  do  1 uml nu L lou-prone  laminate  is  not 
put  into  s or v i t c . 

When  subjected  to  fatigue  loading,  dcluuii  naL  ions  tend  to  Lolluw  growth  laws  that  a  i  e 
similar  Lo  those  observed  tor  metnls.  However,  two  unique  features  of  del  ami  un  l.  ions  are 
Lhnt  they  can  exhibit  slow,  stable,  subcrilical  i law  growth  in  structural  applications 
(Wilkins,  Reference  5),  and  that  buckling  failure  under  compressive  loading  is  quite 
sensitive  to  the  size  of  tin*  de  1  am  I  ua  l  l  on  (Whitcomb,  Reference  (»).  A  1  rus  l  i  a  l  i  ng  I  online 
ol  ilelnmluul Ions  Is  that  they  arc  no L  usually  detectable  by  visual  means,  and  generally 
require  sonic  methods  of  inspection. 

for  the  simple  case  ol  a  sing  1 e- load-puth  structure,  the  el  loti  ol  the  local  damage 
modes  on  the  residual  strength  ly  owl  lined  in  figure  4.  Although  the  cut -I  i bei / l h rough - 
c.  rack  damage  does  not  grow  under  fatigue  luudlng,  the  static  residual  strength  may  be 
reduced  by  the  number  oL  fibers  cut  (the  size  ol  the  through-crack).  The  damaged  luminute 
must  therefore  be  checked  against  the  in-service  residual  strength  requ  Iremenl  ,  which  is 
generally  some  percentage  above  design  limit  load. 

The  mulrix-crncking  form  ol  local  damage  has  no  real  el  feel  on  the  residuui  strength 
of  the  compoiicn  l  .  Matrix  trucking  Is  only  re  Levant  as  il  relates  to  initiation  sites  toi 
tie  I  ami  iiu  L  ion  . 

Dei  am  i  lint  1  on  is  the  flaw  type  to  which  damage  growth  provisions  will  typically 
apply.  The  compress  Lon  residual  strength  ol  the  composite  structure  may  he  coni  rolled  by 
the  size  and  location  ol'  the  del  aininu  L  Lon  .  Thun,  il  is  impetai  1  ve  that  the  design  ol  the 
composite  structure  not.  only  no  resistant  to  the  formal  ion  ot  de  l  amina  t  Ions ,  but  also 
control  the  growth  of  de 1  urn  1 na ti ons .  Since  it  is  virtually  Impossible  to  control  the  low- 
energy  Impacts  that  can  initiate  de  lam  i  nat  i  uus  ,  the  designer  must  a::  sunn.1  that  such 
d  el  uni  I  na  I.  ions  exist  in  the  lamLnate  a  priori  and  control  their  growth  by  design. 

(JUT- FI  11 KR  DA  MACK 

As  discussed  above,  c.ut-fiber  damage?  Ls  insensitive  t.u  (allgae  and  is  one  ol  l  he 
strongest  reusons  for  applying  composite  structures  to  ulrcralt.  An  analysis  bene  lit  is 
uLso  realized  becuuse  only  the  residuui  stulJc  strength  ol  the  i ut -I  i  be r  damaged  laminaie 
needs  lo  be  predicted. 

An  approach  advanced  by  Waddoups,  f.l  so  iiinun  n ,  and  Kaminski  (Reference  3)  is  based  on 
the  postulation  that  linear  ole-tic  iructure  mechanics  describes  the  notch  size  uLLect  on 
sialic  strength,  further,  the  fracture  toughness  of  the  Laminate  is  bused  oil  I  lie  tincture 
toughness  of  the  individual  plies.  f o i  example,  in  the  case  ol  a  circular  hule  in  a 
laminate,  a  fracture  analysis  can  be  perfoiined  on  the  element  of  the  Jumiunle  containing 
the  hole,  as  Illustrated  in  figure  b.  In  all  but  tile  simplest  cases,  this  element  is 
loaded  by  a  general  set  of  in -plane  stresses  consisting  ol  tensile  (or  compressive) 
normal  stresses  and  a  shear  stress.  The  magnitudes  ol  these*  stresses  can  bo  obluLueil 
either  from  a  finite-element  analysis  of  the  strucLuru  oi  from  u  hand  ca  1  c ti  1  a 1  ion  lot 
simple  coni  i  gar  a  t.  Ions .  The  element  loads  can  be  broken  down  into  u  set  ol  simple  loads, 
us  shown  in  figure  6.  Anisotropic  solutions,  developed  by  Lckhniiskii  (Reference  7), 
provide  the  stresses  acting  along  the  hole  boundary  for  these  load  cases.  The  solutions 
may  be  superposed  to  determine  the  stresses  acting  in  the  composite  laminate  along  the 
hole  bounds!  y  Lor  the  geiierul  loading  case. 

Becuuse  in-plane  fracture  is  controlled  by  the  fibers,  attention  may  be  resiruLed 
to  those  lunations  whole  the  fibers  become  lun^eiiL  to  the  boundary  of  the  hole.  As  a 
icsuLt,  fracture  analysis  solutions  ure  only  inquired  for  three  cases,  as  shown  in  figure 
7.  St ress- i nlens i ly- 1  ac tor  solulluns  have  been  numerically  determined  by  Kisefimana 
(Reference  8)  tor  these  three  lead  cases  in  oiLhulropLc  laminates. 


The  value  ot  «  hv  ■  t  i  i<;te  tract  are  toughness  can  also  be  calculated  following  the 
work  of  Konisf.  and  Crus'*  i,Keffcror»ce  ')).  This  calculation  requires  only  that  critical 
sl^ain-ener gy-rel ease  rates  for  the  constituent  plies  of  the  laminate  are  known. 

While  considerable  controversy  still  surrounds  the  application  of  linear  elastic 
f  ricturt  mechanics  to  comp  site  laminates,  this  method  has  proved  its  worth  for 
engineering  predictions  of  structural  behavior  for  over  10  years  at  General  Dynamics  (See 
Figure  8).  Although  the  col  inoar  crack  assumption  ot  classical  fracture  met hanics  is 
clcarlv  violated  by  cracks  that  cut  fibers,  the  strength  of  notched  compos  ir  «■ ippears  to 
be  adequately  described  by  such  a  fracture  approach  when  the  notch  dominates  the 
respon..  ; . 

('examination 

Some  insight  into  the  nature  of  deiaminati on  in  ; ra ph i t e-epo xy  can  be  obtained  by 
exploring  the  toughness  of  some  typical  laminates  in  all  three  directions.  Figure  9, 
adapted  from  the  results  of  Konish  and  Cruse  (Reference  9),  plots  fracture  toughness  as  a 
function  of  the  mrcentage  of  0-degree  plies  in  a  laminaLe  containing  only  0-dogree  and 
;rA5-degreo  plies.  The  data  were  obtained  with  er‘ ^e-not ched  beams  and  center -no tched 
;oupons.  The  trends  are  typical  of  the  Thorne!  hOO/Narmco  5^08  class  of  graphite-epoxy, 
but  the  absolute  numbers  are  not  strictly  valid  Decause  no  ASTM  standards  have  been 
developed  lor  fracture  toughness  of  cotrposites.  Nevertheless,  we  would  agree  that  an  all 
+  4*5  -dew  r<-  e  li’mir'^te  hns  a  reo  sonablt  tougliress  sl.ght’y  Less  than  aluminum.  As  +^45-degree 
plie.»  are  replaced  ,y  0-degr.oe  plies,  the  toughness  in  the  x-direction  would  be  expected 
to  increase  until  it  was  -about  doubled.  On  the  other  hand,  as  +45-degree  plies  are 
rep.1  need  by  Ou-d'-'giee  plies,  the  toughnesa  m  the  x-direcl  iun  is  expected  to  decrease 
until  ;  ’  reaches  a  minimum  represented  by  a  cuck  running  completely  in  the  resin  between 
the  fibers  The  real  po  it  is  thaL  in  the  interlaminar  mode,  the  toughness  in  Ihc  a- 
dire*iion  is  ulwu's  ut  the  minimum,  regardless  of  the  laminate  orientations, 

')'hc„e  low  values  of  inter  laminar  Loughness  are  only  'ficant  as  they  relate  to 

the  magnitude  of  typical  out-ol -plane  load  sources,  as  shci  ■»  in  Figure  10.  Five  of  tnc 
most  common  design  details  from  which  real  hardwase  is  constructed  are  shown 
schematically.  h  ch  of  these  details,  ev»*n  under  in-piuue  loading,  gives  rise  to 
interlaminar  uoi  laJ  and  shear  sLibsnes.  Direct  out-o  f -p  lane  loads  come  from  fuel 
pressures,  aii  piesocies,  and  from  structural  mismatches  associated  with  assembly  of 
df‘ta.1  parts.  These  direct  loads  combine  with  those  already  present  from  1  <  nation 
etfects.  The  inter  laminai  forces  act  directly  or.  the  plane  of  minimum  toughres:..  As  a 
resu 1 » ,  dc I aininat ions  may  form,  and  il  the  in-plane  forces  nre  compressive,  buckling 
be* i  oiiic-j  a  pertinent  issue. 

'lb  traditional  solution  lo  this  interaction  of  defects  ami  compressive  buckling 
would  =*  an  extensive  lest  program.  I!-.. waver,  creation  of  a  compression  coupon  data  base 
is  t?  ..radical  because  interlaminar  tension  nnd  shear  interact  with  local  and  overall 
buckling.  Consequently,  qrestion?  ol  specimen  size,  end  conditions,  and  lateral  support 
make  scaleup  to  real  hardware  almost  impossible. 

A  simpler,  more  direct  approach,  as  depicted  in  Figure  11,  is  to  use  an  analysis  lo 
define  the  transfer  function  between  applied  loads  and  local  rupture  forces  that  tend  to 
concentrate  at  laminate  defects.  Then  the  experimental  oiforl  can  focus  on  tension  and 
she.-  failure  mechanisms  in  the  mafia, 

The  capability  is  available  from  adhesive  fracture  technology,  as  described  by 
Ar.riv.-son,  Jcrinoet,  and  DeVi  ies  (Referee*  e  10),  for  computing  the  profiles  of  slruin- 
j  r  g  y  release  raic-  around  a  delami  nation  in  a  laminated  plate  under  general  loading, 
'^plications  of  the  technology  lo  composite  laminates  have  been  reported  in  References 
11-14.  As  schematically  depic  „ d  in  Figure  12,  the  profiles  can  be  broken  into  compoients 
lor  use  ; n  a  f rue tu re-mechanics-- base d  failure  then:  y  such  as  proposed  by  Wu  (Reference 
IS).  The  strai n-v  tier gy-release-rate  calculations  can  be  performed  with  finite-clement 
methods  coupled  w.t!\  the  v  i  r  t  ua  1  -cr  ack-c  1  osu  r  o  lechniqu*!  as  described  by  Rybicki  and 
Kami  i  non  (Reterr*-;)  16  j. 

These  techniques  were  successfully  used  by  General  Dynamics  to  predi<t  the  effects 
ot  ilcicvts  in  the  F-lu  horizontal  tail  for  the  U.  S,  Air  Force  fleet  management.  program. 
Various  aspect  of  the  program  have  been  reported  In  References  5,17-18.  Wilkins, 
Eiscnm  an,  Cam  in,  Margolis,  and  Benson  (Reference  17)  discussed  the  d^w-slopmeni  of 
methods  to  characterize  deiamination  growth  by  creating  a  coupon  data  base.  Wilkins 
(Reference  j )  p  r  e  sent  ?  d  the  lull  scale  verification  of  the  methodology  as  outlined  in 
Figure  13  to  evaluate  damage  tolerance  of  composite  hardware.  In  Reference  18,  Wilkins 
discussed  the  n u c  analysis  approach  in  terms  of  its  implications  for  design,  analysis, 
and  testing  of  composite  structures. 

In  contrast  lo  tlic  comments  pieviu^sly  made  about  the  controversy  surrounding  the 
application  of  1 jucture  mechanics  to  the  cut-fiber  problem,  fracture  mechanics  should  be 
much  more  appropriate  for  desci  i  tr  ng  n  >t  only  the  strength  buL  also  the  growth  behavioi 
ot  de  laminations.  Because  no  libers  are  *■  )■  t  .luring  the  deiamination  process,  the  col  inear 
'▼^ack  growth  assumption  is  "c«.  violated. 

IMFL,  LCAi  IONS  OF  DJ  FFKRF.NT  C0MFO1  (TL  FOR  Mb 

Up  Lo  now,  only  composites  constructed  with  unidirectional  tapes  have  been 
di  scu'i.u'ii  Lamina  CCS  made  from  l  a  ^  ■>  have  been  prefer  led  at  General  Dynamics  because  of 


I 


their  structural  efficiency  and  the  economy  with  which  Ihey  can  be  laid  up  with  tape¬ 
laying  machines. 

In  view  of  the  preceding  discussion  of  the  effects  of  delects  and  damage,  it  is 
appropriate  to  generalize  the  treatment  to  include  other  common  iuims  like  fabrics,  and 
even  uncommon  forms  like  braided  or  3-d imensional ly  reinlorccd  composites.  Such  forms  can 
provide  damage  tolerance  benefits  beyond  their  proven  manufacturing  utility  tor  parts 
wilh  tom plica ted  shapes. 

Referring  back  to  Figures  1  and  2,  it  is  clear  that  woven  fabrics  remove  the  matrix 
cracking  damage  from  consideration.  '«s'’  matrix  crack  damage  is  relatively  benign,  end 
was  only  ot  concern  as  it  provided  initiation  sites  tor  dcianii  nation  ,  tlu  benefit  of 
i emu  v  ing  the  matrix  track  damage  mode  is  relatively  small.  At  some  expense  ot  in-plane 
stiffness  and  strength,  only  cut  fibers  and  del  ami nat ion j  remain  to  be  interrogated  with 
regard  to  the  effects  ot  detects  in  fabric  laminates.  According  to  Base  op;,  et  a  1  , 
(Reference  1*1)  the  interlaminar  toughness  tor  fabrics  has  been  shown  to  be  higher  than 
that  for  tape  of  the  same  constituents  because  of  the  component  of  libers  in  the 
thickness  direction  and  the  larger  resin  pockets  between  the  plies.  However,  fabric 
laminates  still  exhibited  only  a  traction  ot  the  toughness  of  the  bulk  resin. 

The  remcvuL  ol  delami  nat  ion  as  a  failure  mechanism  by  selective  placement  of  fibers 
through  the  thickness  ol  u  Laui  i  irate  could  drastically  simplify  the  structural  integrity 
<•  vu  1  ufl t  i on  ol  laminated  composite  structures.  At  least  two  techniques  lor  achieving  3- 
dimensional  composites  are  possible.  Frop  the  world  of  textiles,  procedures  tor  braiding 
are  rather  we  I l -advanced .  The  successful  braiding  of  detail  parts  seems  only  a  question 
ol  how  large  a  part  can  be  economically  manufactured. 

From  the  world  of  shoemaker s ,  the  technology  at  stitching  is  readily  available.  One 
impediment  to  successful  stiLching  ot  composites  seems  to  be  modifying  existing  equipment 
l  ii  handle  stilt  threads  such  as  graphite,  which  would  he  preferred  for  most  o  f  t  i  r  le  n  t  I  v 
transferring  interlaminar  stresses. 

Whichever  method  is  eventually  perfected,  a  properly  designed  3-dimensional 
compos iti'  should  be  completely  Insensitive  to  all  forms  ol  matrix  damage.  Thus,  referring 
bat  k  to  Figure  4,  Lire  only  remaining  damage  type  would  be  the  cut  fiber.  As  mentioned 
previously,  the  cut  liber  damage  requires  only  a  static  slieugth  analysis,  and  visual 
inspection  methods  can  usually  discover  the  damage.  The  overall  payot 1  is  a  level  of 
structural  efficiency,  da map*1  tolerance,  i  ns pec t abi 1 ity ,  and  reliability  that  should 
easily  offset  the  increase  in  design  and  manufacturing  complexity. 


The  aim  of  this  discussion  lias  been  to  review  an  approach  tor  evaluating  the 
significance  ol  defects  and  damage  n  structural  composites.  The  approach  is  based  on 
segregating  the  possibilities  into  a  practical,  workable  set  ut  problems  whose  solutions 
tan  be  wot  ked  out  bv  structural  engineers.  Adoption  oi  such  pi  modules  can  lead  to  more 
efficient  and  useful  .i|<|il  ii  .u  ions  of  composite  mat  ei  id  Is  to  eng.neeiing  structures. 
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Figure  1  Local  Damage  Can  lie  Effectively  Described  by  3  Fundamental  Mechanisms 


Figure  2  Various  Structural  Threats  Cause  Different  Amounts  of  Local  Damage 
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Figure  3  Fatigue  Loading  Stimulates  Delamination  Growth 
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Figure  4  Residual  Strength  Depends  on  Cut  Fibers  and  DeUmination  Size 
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SUMMARY 


DEFECT  OCCURRENCES  IN  THE  MANUFACTURE  OF 
LARGE  CFG  STRUCTURES  AND  WORK  ASSOCIATED 
WITH  DEFECTS,  DAMAGE  AND  REPAIR  OF  CFC  COMPONENTS 

BY 

C  S  FRAME  &  G  JACKSON 
British  Aerospace  PLC 
Aircraft  Group 
Warton  Division 
Preston  PR^  1AX 
U.K. 


^Current  activities  in  a  Ministry  of  Defence  funded  research  investigation  into 
/effects  of  defects  and  damage,  and  their  repair,  are  reviewed.  Future  work  in 
field  is  also  discussed. 


the 

this 


The  occurrences  of  defects  and  damage  in  large  CFC  structures  (eg.  Tornado  taileron, 
Jaguar  wing  etc)  are  then  presented  and  comments  made  on  experience  gained  from 
flight  and  ground  testing. 

Current  NPT  detection  and  characterisation  methods  are  presented  together  with  an 
outline  of  the  work  proposed  to  overcome  existing  problem  areas  and  limitations.^—- 


INTRODUCTION 

Since  the  early  1960s  CFC  has  increasingly  been  considered  for  use  in  aerospace 
structure’.  As  usage  and  confidence  has  increased  over  the  years,  the  trend  has 
been  from  lightly  loaded  secondary  structures,  through  stiffness  designed  items, 
towards  more  highly  loaded  strength  designed  primary  structures.  As  the  performance 
requirements  of  CFC  have  increased,  so  too  has  the  demand  for  improved  quality 
assurance  and  more  detailed  knowledge  of  the  effects  of  defects  and  damage.  The 
increase  in  utilisation  is  dramatically  illustrated  in  Figure  1 . 

Ideally  the  effects*  of  both  manufacturing  and  in-service  defects  and  damage  should 
be  established  by  manufacturing  CFC  items,  putting  them  into  service  and  examining 
the  effects  of  any  naturally  occurring  instances  of  defects  and/or  damage.  This, 
however,  can  only  give  an  insight  into  one  defect  in  one  specific  item  and  13 
totally  impractical. 

BAe  Warton  is  gaining  valuable,  practically  derived  information  via  3  separate 
routes.  The  primary  source  of  information  is  a  Ministry  of  Defence  funded  "Defect, 
Damage  and  Repair  Programme"  which  is  a  multiphase  investigative  project  which 
simulates  natural  defects  and  damage  by  artificial  means  and  is  also  being  U3ed  to 
assess  efficient,  viable  in-service  repair  techniques.  Secondly,  several  CFC  items 
have  been  manufactured  and  put  into  service  enabling  any  naturally  occurring 
defects /damage  to  be  monitored  and,  where  necessary,  repaired.  Finally,  several 
demonstrator  programmes  have  been  embarked  upon,  3ome  of  whJch  will  be  flight 
tested’  This  again  allows  examination  of  naturally  occurring  defects /damage . 

In  parallel  with  these  activities,  the  specialist  N.D.T.  group  are  ensuring  that 
defects  can  be  successfully  located  and  defined,  damage  areas  accurately  mapped 
and  that  repairs  are  of  high  integrity;  again  the  prime  aim  is  that  all  equipment 
and  techniques  are  eventually  suitable  for  in-service  use. 

DEFECT,  DAMAGE  &  REPAIR 

This  multiphase  Ministry  of  Defence  funded  programme  is  being  U3ed  to  gain  essential 
information  on  the  effects  of  typical  defects  and  damage  and  also  to  examine 
repairs. 

Phase  1,  which  is  currently  in  progress,  takes  a  spectrum  of  typical  defects  and 
damage  and  will  give  an  initial  insight  into  the  effects  of  these  on  parent  "undamaged" 
strengths.  At  the  aamc  time,  repairs  are  being  .investigated  to  establish  efficient 
viable  repairs  which  can  be  carried  out  in  an  in-service  environment.  Lessons 
learned,  or  questions  raised,  by  this  phase  will  be  addressed  in  Phase  2. 

Since  many  of  the  te3t  results  presented  here  have  only  recently  become  available, 
full  analyses  and  definitive  conclusions  cannot  always  be  presented. 

DEFECTS  AND  DAMAGE 

Surface  Scratches 

The  effects  of  .‘urfaoe  scratches  arc  shown  in  Figure  2  as  they  apply  to  one  basic 
layup,  ambient  conditions  and  static  test.  A  prediction  method  based  on  scratch 


depth  and  remaining  net  layup  was  used ;  these  predicted  values  are  shown  and  compare 
reasonably  well,  if  a  little  pessimistically,  with  the  test  mean  results. 

Bolted  Joint  Defects 

The  effects  of  several  different  defects  in  bolted  joints  are  shown  in  Figure  3. 

The  defects  had  little,  if  any,  effect  when  tested  under  ambient  conditions  and 
even  the  effects  of  temperature  and  moisture  reduced  the  bolted  joint  strength  by 
only  15%.  The  fatigue  specimens  were  subjected  to  the  equivalent  of  30,000  hours 
by  spectrum  loading  and  allowed  a  3light  increase  in  strength  when  residuafly  tested. 

Bonded  Joint  Defects 

The  effects  of  a  disbond  type  defect  in  bonded  joii.  .s  is  shown  in  Figure  4.  At 
room  temperature  the  disbond  specimens  showed  a  22%  reduction  in  strength  for  an  8% 
reduction  in  bond  area  but  no  difference  in  strength  was  evident  under  hot/wet 
conditions . 

An  increase  in  strength  was  observed  in  both  no  defect  and  disbond  specimens  when 
residually  strength  tested  after  10”  cycles  of  fatigue  loading. 

Corner  Badii  Delam  mat  ions  -  Tension  Cleats 

The  effects  of  delaminations  in  corner  radii  when  tested  as  tension  cleats  are  shown 
In  Figure  5. 

A  large  amount  of  scatter  in  results  was  evident  in  the  static  tests  where  neither 
the  delamination  location  (between  plies  4  and  5  or  on  layup  centre  line)  nor  the 
variation  in  percentage  length  delaminated  showed  any  clear  trend.  The  effect  of 
fatigue  loading  for  10 6  cycles  did  show  some  reductions  in  residue1  trength  for 
delaminated  specimens. 

Skin  Delaminations 

These  tests  were  conducted  using  honeycomb  sandwich  beams  which  were  initially 
curved  and  designed  to  be  essentially  flat  at  failure  under  4-point  bending. 

The  results  of  the  0°/+45°  skinned  specimens  are  shown  in  Figure  6  and  the  0°/+45o/90o 
skinned  specimens  in  Figure  7- 

The  delaminations  on  skin  centre  line  of  the  0°/+4b°  skins  show  a  maximum  effect  of 

reducing  the  failure  strain  level  by  50%  whereas  the  delaminat i on  2  plies  below  the 

outer  surface  of  the  0° /+45° /900  skins  reduced  the  failure  strain  level  by  only  30%. 

Although  the  results  and  failure  modes  have  not  yet  been  fully  analysed  it  is 

interesting  to  note  that  the  greatest  reduction  in  failure  strain  usually  occurred 
in  the  150mm  wide  specimens. 

Impact  Damage  and  Skin/Core  Disbonds 

Will  be  carried  out  on  curved  honeycomb  beams  following  completion  of  skin 
delaminat ions . 

REPAIR  COUPONS 

The  atm  of  these  tests  is  to  determine  the  most  effective  bonded  repair  configurations. 
The  testing  is  initially  being  carried  out  at  room  temperature  In  the  "as  received" 
condition  under  tensile  loading.  Any  joints  performing  well  under  these  conditions 
will  then  be  considered  for  testing  hot  and  wet. 

The  configurations  evaluated  combine  3  different  resin  systems  and  cure  temperatures, 
cre-preg  tape  and  woven  fabrics,  varying  scarf  angles  and  step  geometry  ,  pre-cured 
and  coloured  inserts  and  different  ways  of  applying  the  repair  insert  material. 

Figure  8  .-.hows1  thj  various  configurations  and  associated  teat  number,  the  room 
temperatui  e  results  for  these  being  shown  iri  Figure  9. 

Initial  conclusions  are  that  a  scrafed  Joint  is  more  efficient  than  a  stepped  one 
and  that  hot  curing  adhesives  are  better  than  those  which  cure  at  room  tempera lure . 

Since  all  the  repair  configurations  were  a  simulation  of  a  heater  mat  and  vacuum 
bag  technique,  a  varying  a.  ount  of  bond  line  porosity  was  experienced.  This  meant 
that  several  specimens  were  shown  to  be  very  poor  by  ultrasonic  NDT  although  they 
performed  well  under  test  which  highlights  the  need  for  an  NDT  technique  to  cope 
with  this  problem. 

MAJOR  HOX  REPAIR 

A  major  test  box  with  CFC  skin  and  metallic  sub-structure  from  the  Jaguar  CFG  Wing 
Programme  was  made  available  following  its  teat  to  failure.  The  box  had  been  tested 
in  3-point  bending  at  87°C/1%  moisture  with  the  GFC  skin  in  compression.  Failure 
occurred  at  113%  Design  Ultimate  Loading.  The  dimensions  of  the  box  uri  location 
of  the  failure  site  is  shown  in  Figure  10. 


The  CFC  skin  was  repaired  in-situ  on  the  test  box  in  a  typical  service  hangar 
environment  using  hand  held  tools,  electric  heater  mats  and  vacuum  bags  only.  The 
damage  was  removed  by  hand  scarfing,  new  CFC  skin  insert  material  was  cured  and 
bonded,  followed  by  an  external  reinforcing  strap.  The  total  repair  was  based  on 
the  configuration  and  materials  of  Test  9A  (see  Figures  8  and  9)  which  had  the 
highest  test  mean  strength  and  least  amount  of  variability. 

The  repair  was  ultrasonics lly  inspected  by  both  hand-held  probe  and  through 
transmission  C-3can  which  correlated  extremely  well;  again  a  large  degree  of  bond¬ 
line  porosity  was  present. 

The  repaired  box  was  re-tested  in  the  original  rig,  but,  to  reduce  costs /timescale , 
at  room  temperature  in  the  as  received  condition.  Compression  skin  failure  occurred 
in  the  repaired  section  as  shown  in  Figure  11  at  145%  Design  Ultimate  Loading.  From 
an  examination  of  a  variety  of  data,  the  compression  strength  at  87°C  and  1%  moisture 
content  would  be  some  20%  below  that  in  the  room  temperature,  "aa  received"  condition. 
This  would  indicate  a  failure  at  145  x  0.8  =  116%  compared  with  the  original  113% 
D.U.L. 

The  next  step  is  to  carry  out  in-situ  repairs  to  both  CFC  sub-structure  and  CFC  3kins 
and  test  these  under  hot /wet  conditions. 

FURTHER  WORK  IN  PHASE  2 

The  content  of  Phase  2  of  the  Defect,  Damage  and  Repair  programme  is  at  present  under 
discussion  but,  besides  considering  any  further  work  requirement  arising  from  Phase 
1,  will  probably  include  evaluation  of  bolted  and  metallic  repairs  to  CFC;  EMC  and 
lightning  strike  requirements  and  performance  for  repairs;  delamination  growth; 
effects  of  contamination  on  bonded  repairs  and  alleviation  of  moisture  pull-through 
from  adherends;  the  problems  associated  with  damage  size  and  laminate  thickness; 
and  multiple  damage  sites  in  close  proximity. 

Throughout  this  work,  NDT  techniques  will  need  to  be  developed  to  cope  with  any 
encountered  problems.  All  NDT  methods  and  equipment  must  ultimately  be  quick  and 
easy  to  use  in  a  service  environment. 

STRUCTURAL,  ITEMS 

SERVICE  EXPERIENCE 

JET  PROVOST  RUDDER  TRIM  TAD  (Fig.  1A) 

These  items  first-  entered  service  in  early  1970  and  of  4  aircraft  3till  fitted  with 
these  items  the  leading  aircraft  has  flown  in  excess  of  4500  hours  without  occurrance 
of  either  defect  or  damage. 

JAGUAR  ACCESS  PANELS  (Fig.  IB) 

The  underwing  flap  shroud  and  the  spine  access  panels  were  first  flown  in  early  1978 
and  30  aircraft  sets  were  delivered  to  the  services  in  1979  of  which  the  leading 
items  have  flown  some  300  hours.  Some  panels  have  suffered  bolt  hole  elongation  due 
to  repeated  removal  and  refitting  and  are  repaired  by  filling  and  re-drilling.  II' 
these  items  were  to  be  productionised T  the  core  insert  material  at  the  bolt  positions 
would  be  changed  to  a  more  durable  material  or  have  metallic  ferrules  fitted.  Flap 
shroud  panels  which  have  suffered  leading  edge  delamination  have  been  repaired  by 
adhesively  bonding  a  wrap-around  of  GRP  cloth.  One  panel  has  suffered  skin  fracture 
and  honeycomb  core  djmage  whilst  removed  from  the  aircraft  and  was  repaired  as  3howr 
in  Figure  12. 

The  spine  cover  panels  occasionally  receive  impact  damage  to  the  inner  skin  when 
being  refitted.  When  necessary  this  is  repaired  as  shown  in  Figure  13. 

30  aircraft  3ets  of  the  rear  tank  access  panels  have  recently  entered  service  and 
to  date  no  reports  of  defects  or  damage  have  been  received.  50  aircraft  sets  of  a 
further  7  Jaguar-  panels  are  currently  being  manufactured  prior  to  delivery  to  the 
RAF. 

DEMONSTRATORS 

TORNADO  TAILEFONS  (Fig.  1C) 

The  talleron  programme  has  demonstrated  the  capability  to  manufacture  large  Class  1 
or  Primary  CFC  structures  to  flying  standards.  One  pair  (left  and  right  hand)  have 
been  manufactured  for  static  and  fatigue  purposes  respectively  and  another  pair  for 
flight  trials.  Very  few  manufacturing  defects  of  any  significance  have  arisen  and 
also  very  little  damage.  A  typical  repair  to  one  of  the  few  occurrances  of  damage 
is  shown  in  Figure  14. 

The  static  and  fatigue  tests  are  currently  proceeding  and  the  flight  test  tailerons 
were  successfully  flown  in  late  1982.  The  few  defects  and  instances  of  repaired 
damage  have  shown  no  detrimental  effect  on  the  testing  achieved  to  date. 
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A  further  five  pairs  of  production  standard  tailerons  are  scheduled  for  the  near 
future  . 

JAGUAR  WING  (Fig.  15B) 

The  Jaguar  wing  programme,  which  includes  the  largest  single  item  so  far  manufactured 
at  Warton  with  each  wing  skin  being  approximately  5.^  meters  long,  was  originally 
planned  to  be  for  static  and  flight  test.  The  programme  has  since  been  reduced  to 
static  testing  only. 

Again  very  few  instances  of  significant  defects  or  damage  have  occurred;  the  two 
main  instances  are  3hown  in  Figure  16  which -have  been  repairea  as  shown  in  Figures 
17  &  1 8 . 

Due  to  the  location  and  nature  of  these  repaired  areas,  no  detrimental  effect  is 
anticipated.  The  areas  will,  however,  be  monitored  during  testing. 

JAGUAR  ENGINE  BAY  DOOR  (Fig.  1 5 A  ) 

BAe  Warton  has  collaborated  with  Grumman  Aerospace  in  the  design  and  manufacture  of 
a  pair  of  CFC  engine  bay  doors  for  the  Jaguar.  The  manufacture  is  virtually  complete 
at  the  time  of  writing  and  the  possibility  of  a  test  programme  is  being  considered. 

DEMONSTRATOR  FRONT  FUSELAGES 

Two  complete  front  fuselages  have  been  built  to  gain  manufacturing  experience, 
improve  expertise  and  demonstrate  specific  design  and  tooling  concepts.  One  right 
hand  half  fuselage  has  also  been  built  to  evaluate  the  all  co-cured /co-bonded 
concept.  There  were  very  few  manufacturing  defects  but  this  was  the  biggest  test 
for  the  NDT  team,  where  some  difficulty  was  experienced  with  the  in-situ  scanning 
of  some  of  the  bond  lines- 

One  of  the  complete  front  fuselages  has  recently  been  subjected  to  bird  strike 
testing  and  performed  very  well,  the  worst  damage  being  a  permanent  "dent"  in  the 
honeycomb  sandwich  construction  side  skin.  This  is  now  being  considered  for  an 
in-situ  repair,  to  be  followed  by  further  bird  strike  tests. 

NON- DESTRUCTIVE  TESTING 

The  production  NDT  inspection  of  components  manufactured  from  Carbon  Fibre  Composites, 
is  performed  at  BAe,  Warton  Division  using  automated  ultrasonic  scanning.  Facilities 
include  both  immersion  tanka  and  water  jet  probe  (squirter)  systems.  In  both  cases 
a  raster  motion  is  generated,  and  linked  by  variable  ratio  devices  to  a  platten 
recorder,  in  order  .o  produce  a  hard  copy  'C*  scan,  on  electrosensitive  paper.  The 
normal  techniques  of  through-transmission ,  reflector  plate  and  pulse  echo,  are  used 
as  appropriate.  Naturally,  through  transmission  is  preferred,  since  many  of  the 
problems  associated  with  probe  character i st irs ,  near  and  far  zones,  and  signal 
gating  problems  are  avoided.  More  recent  developments  have  led  to  the  introduction 
of  computer  controlled  data  aquiaition  and  processing  systems. 

Radiography  is  also  an  important  NDT  technique  for  composite  components.  However, 
until  recently,  there  have  been  limitations  with  regard  to  equipment  capability. 

The  present  generation  of  Be  window,  low  KeV,  X-Ray  Units,  do  not  perform  reliably 
below  about  26  KeV,  i.e.  Indicated  Kv  can  vary  greatly  from  actual  emission.  Also 
with  some  units  it  is  not  possible  to  attain  any  useful  emission  below  an  indicated 
20  KeV.  Fortunately  X-Ray  equipment  manufacturers  have  now  recognised  the  special 
requirements  for  composites  radiography,  a  are  producing  systems  capable  of 
operating  down  to  10  KeV  with  very  high  Ma  -utputs. 

With  regard  to  defect  characterisation,  it  was  recognised  at  the  outset  in  the  1960's 
that  some  form  of  Reference  Standard  would  be  needed,  thereby  introducing  the  Carbon 
Fibre  equivalent  of  the  Flat  Bottom  hole.  Some  areas  of  the  European  Aerospace 
Industry  did,  in  fact,  use  Flat  Bottom  Moles.  Others,  including  BAe  Warton,  elected 
for1  the  system  favoured  in  the  U.S.A,  wherein  laminar  defects  are  modelled  by 
P.T.K.E.  patches,  inserted  into  "Stepwedge"  specimens  during  the  lay-up  process. 

Yet  another  model  defect  which  proved  very  realistic,  took  the  form  of  a  deer  hair 
inserted  in  the  lay-up  to  simulate  long  tubular  voids.  The  hair  of  the  deer  being 
similar  in  diameter  to  the  actual  defects,  and  being  ho.  ow,  produced  an  effective 
ultrasonic  at  tenua tor  /  ref lector . 

The  approach  on  defect  acceptance  levels  started  i  ri  n  somewhat  arbitary  manner,  as 
in  fact,  was  the  case  in  the  1950's,  when  standards  for  aluminium  alloy  plate  were 
being  sought.  The  criteria  then  as  now,  being  beued  on  the  best  that  the  current 
state  of  Ultrasonic  technology  could  realistically  achieve.  The  BAe  Warton  system 
is  based  on  the  use  of  graded  acceptance  scales,  with  P.T.F.E.  patch  reference 
standards  of  3mm,  6mm  and  12mm  square.  Other  criteria  of  defect  tc.  defect  proximity, 
and  defect  to  hole  or  edge  proximity,  are  also  applied.  Fortunately,  as  with  the 
Flat  Bottom  Hole  standards  applied  to  aluminium  plate,  the  6mm  square  standard  for 
Carbon  Composite,  proved  realistic  from  both  Design  and  Manufacturing  points  of  view. 
Some  may  wonder  why  a  'square'  was  chosen  rather  than  a  'round',  defect  model.  The 
reason  is  very  simple,  it  is  much  easier  to  cut  a  square  patch  of  6mm  x  6mm,  than 
one  6mm  diameter,  using  a  pair  of  scissors! 
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It  is  interesting  and  very  significant  to  note  that  the  introduction  of  fairly 
exhaustive  NDT  processes,  produced  dramatic  changes  in  the  material  lay-up  and 
curing  technologies.  In  fact,  over  recent  years,  defect  occurrance  is  very  low. 

The  trend  now  is  toward,  normally,  virtually  defect  free  parts.  Exceptions  are 
when  problems  have  occurred  during  processing;  backing  materials  from  the  pre-preg 
can  still  get  left  in  the  lay-up,  in  3pite  of  good  housekeeping  and  quality  control, 
and  vacuum  bags  are  still  prone  to  the  occasional  burst.  One  fairly  consistent 
area  of  concern  is  the  corner  radii  of  channel  section  spars,  where  defects  can 
occur  in  laminar  form  around  the  radius. 

The  requirements  of  in-situ  ND'r  »n  aircraft  structures  in  service  presents  some 
very  different  problems  to  th  >f  Manufacturing.  These  problems  are  currently 

being  addressed  in  depth  at  W  ->n,  with  regard  to  the  aspect?  of  Survey,  Monitoring 

and  Repair  Assessment.  The  sj.gle  most  problematical  factor  is  the  inherent 
inability  to  apply  through-transmission  techniques  in-situ.  Thus  from  the  ultra¬ 
sonic  approach,  the  funadmental  problems  of  the  basic  physics  of  pulse  echo  methods 
are  encountered.  However,  some  relief  is  likely,  in  terms  of  the  3izes  and  locations 
of  defects  to  be  found.  Attention  has  been  mainly  concent rated  on  impact  damage  and 
post  repair  requirements ,  and  to  meet  these  requirements  we  have  developed,  in 
conjunction  with  two  very  co-operative  equipment  manufacturers,  two  items  of  speci¬ 
alised  N.D.T.  tools  which  have  proved  very  effective. 

The  first  of  these  is  a  highly  portable,  battery  powered,  ultrasonic  *C  scan 
package.  The  ultrasonic  probe  is  a  contact  type  with  a  plastic  stand-off  column. 

It  is  mounted  in  h  low  friction  material  disc  which  is  fully  gimballed  to  give 
freedom  of  normalisation  in  all  ,ixe3,  and  is  i><id  in  contact  by  a  spring  system. 

The  probe  ia  carried  on  an  arm,  which  is  int-grai  with  a  box  housing  the  drive 
motors  and  an  A*1  size  recorder  for  clectroscns  i  i  ive  paper.  Th<  whole  unit  weighs 
less  than  7  kg,  and  in  attached  to  the  aircraft  .ltructuro  by  manually  latchable 
suction  cups.  It  is  capable  of  operating  in  anv  attitude  including,  for  example, 
the  underside  of  a  wing.  An  A*i  size  'C  scan  is  performed  in  under  2  minutes.  This 
unit  is  shown  in  Figure  19* 

Where  a  smaller  area  of  search  is  dictate;.!  uni /or  Information  on  defect  depth 
location  is  required,  then  hand  held  contact.  'A*  scan ,  with  a  stand-off  prouo , 
provides  a  very  adequate  technique. 

A  further  development  very  recently  occurred  when  we  reengn i  ed  the  potential 
fulness  of  the  Medical  #B*  Scan  appro,  h.  The  advantages  of  interroirat  i  nv  quire 
wide  areas  at  one  sweep  of  the  probe  hip  sell1  evident,  typically  some  75inm.  Also 
the  presentation  of  '13'  Scan,  shows  defect  width  and  depth  simultaneously,  in  the 
form  of  a  orosa-se1  * ional  image  which  is  readily  intelligable  to  the  nor-NDT  man. 

Thi.-i  system  being  primarily  designed  for  medical  use,  needed  appreciable  (nod  l  float  Ion 
and  probe  development  for  industrial  use  on  Carbon  Fibre  Composites.  It  i:  felt 
that  wo  are  only  at  the  beginning,  and  considerable  scope  for  t.ho  development  of 
this  system  exists,  In  order  to  meet  the  nerds  of  post  repair  NDT  inspections  with 
regard  to  bond-line  porosity  problems  etc.  This  unit  is  shown  in  Figure  20. 

Finally,  another  NUT  method  which  may  prove  beneficial  in  making  qualitative 
as- esnmenta  of  porous  bond  lines  is  Ultrasonic  Spectroscopy.  Thin  method  analyses 
the  frequency  spectrum  of  the  reflected  ultrasonic  signal,  but  at  present,  it  is 
still  in  the  early  stages  of  exper iementat J on . 

CONCLUSIONS 

The  large  number  of  item::*  made  either  for  demonstrator  nr  flight  have  been  subjec  t  i  • 
stringent  quality  control  and  aoe  ptanrie  standards.  Current  production  NDT  technique, 
arc  confident  of  finding  defect;'  down  to  the  maximum  acceptable  r,  i  /.e  and  sro  <  l  )  **r  , 
which  has  led  to  Very  few  occur  ranees  of  "significant"  defects  or1  damage  finding  their 
way  to  being  tested  or  flown.  On  large  structures,  defects  and  damage  which  could  be 
categorised  as  significant  have  been  locally  repaired  and  to  date  have  shown  n- 
adverse  nr  detrimental  effect  on  either  performance  or  test  results. 

Defects  as,  or  more  »*vere  than,  the  requirements  of  the  acceptance  standards  have 
been  used  in  the  Defect  ,  Damage  and  Repair  programme  where,  in  general,  the  effects 
have  been  somewhat  less  severe  than  was  originally  anticipated*  However,  this  must 
be  qualified  by  the  fact  that  for  tills  Phase  of  the  programme  only  a  limited  number 
of  results  exist  for  each  test  condition  (defect  type,  test  type,  tort-  conditions, 
and  variety  of  layup:*  examined).  It  is  envisaged  that  a  greater  var-  'ty  of  test 
conditions  and  mere  specimens  at  >.  ach  condition,  will  be  used  to  check  further  the 
worst,  defects /damage  in  Phase  2  of  the  programme. 

The  repair  work  has  so  far  been  encouraging.  The  repa 1  r  .joint  coupons  have 
demonstrated  the  ability  to  restore  uti-m>t  >  hed  parent  laminate  utr  -ngth  and  the  major 
test  box  with  damage  much  larger  than  would  normally  be  anticipated  in  service  has 
been  repaired  in-situ  to  original  box  strength. 


In-situ  bonded  repairs  using  heater  mats  and  vacuum  bags  have  been  shown  to  have 
porosity  in  the  adhesive  bond  line-  Current  NDT  methods  will  register  this  porosity 
but  cannot,  generally,  differentiate  between  porosity  and  a  no-bond  situation.  Hence 
the  repair  would,  from  NDT  results  alone,  be  categorised  as  unacceptable.  Subsequent 
structural  tests  have  shown  that,  even  with  bondline  porosity,  full  strength  repairs 
can  be  achieved. 

It  is  expected  in  the  near  future  that  advances  in  NDT  equipment  and  techniques  will 
enable  the  degree  of  porosity  to  be  categorised  and  also  give  an  indication  of  the 
attainable  structural  strength. 
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Dt LAMINATION  GROWTH  IN  COMPO  TE  STRUCTURES  UNDER 
INPLANE  COMPRESSION  LOADING 
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P.O.  Box  92038 
Los  Angeles,  CA  90009 
USA 
ABSTRACT 

^ An  approximate  solution  to  the  stress  field  causing  delamlnation  under  biaxial  loading,  where  the 
principal  load  is  compressive,  has  been  developed.  It  utilizes  a  Ralelgh-Ritz  approach  for  the  finite 
arplitude  deflection  analysis  of  a  rectangular  or  elliptical  plate  which  has  bend  I ng/membrane 
coupling  terms  and  clamped  boundary  conditions.  The  solution  as  developed  determines  the  complete 
stress  field  o>  the  boundary,  Including  the  short  transverse  stress  Meld.  This  leads  to  delamina- 
tion  growth  trajectories  which  can  be  analyzed  to  determine  constant  gradient  dav/dt  growth  con¬ 
figurations.  These  results  can  be  analyzed  to  establish  design  criteria  to  be  used  to  minimize  the 
impact  of  delamination  qrowth  considerations  by  stacking  sequence  selection,  etc.,  as  well  as  to 
maximize  the  residual  strength  capab 1 1  1  ties  of  the  structure. 4c — ' 


1. 


INTRODUCTION' 


In  order  to  enable  certification  of  an  aircraft  comprising  advanced  composite  panels  In  primary 
structure,  Its  durability  and  damage  tolerance  must  be  assessed  when  it  contains  a  delamination. 

Since  delaminat ion  growth  is  due  to  the  short  transverse  stress  field  within  or  In  the  region  of  th»- 
delaminat  len ,  existing  techniques  for  the  stress  field  determination  involves  elaborate  three- 
dimensional  finite  element  models.  "Exact"  solutions  for  the  buckling  load  have  also  been  heretofore 
limited  to  orthotropic,  or  specially  anlsotioplc  plates  under  specialized  loading  conditions  such  as 
compression  or  shear  in  the  material  coordinate  system. 

In  order  to  enable  an  engineering  approach  to  the  problem,  the  "thinner"  (region  with  lowest 
buckling  strain)  region  is  treated  as  a  postbuckled  plate  clamped  on  four  sides.  This  study  will 
focus  on  this  region. 

A  model  Is  presented  to  represent  the  behavior  of  a  delaminated  region  In  an  advanced  composite 
plate  under  membrane  compressive  loading.  The  rectangular  plate  model  was  initially  presented  as 
an  "Initially  deformed"  plate  under  compressive  loading  in  1*>79  (l)  and  has  been  extended  here  into 
the  postbuckled  region.  In  addition,  an  elliptic  plate  is  c'nsidered.  The  model  utilizes  a  u<  e- 
terin  Ray  l  e  igh-Ri  tz  energy  formulation  with  the  initial  estimates  of  the  deflected  shapes  being 
symmetric  about  both  the  x  and  y  axes.  Finite  amplitude  kinematic  relationships  are  utilized. 
Anisotropic  and  flexural  membrane  coupling  terms  as  well  as  combined  loading  are  included.  This 
method  was  previously  presented  for  simply  supported  boundary  conditions  (2)  in  order  to  ascertain 
the  behavior  of  postbuckled  compression  ar.d  shear  webs. 

2.  APPROXIMATE  SOIUTIQNS 

In  order  to  obtain  an  approximate  solution  to  the  problem,  models  for  rectangular  and  elliptical 
clamped  plates  In  the  postbuckllng  range  have  been  developed.  Figure  I  shows  the  geometry. 


(a)  Rectangle 


Figure  I . 


<b)  El  I  Ipse 
Geometry 


3.  DISPLACEMENTS 


For  the  rectangle,  the  displacement  functions  chosen  are: 


For  the  ellipse,  the  displacement  functions  chosen  are: 


13) 


f  -  2  __  2  2 

w  -  ~  (1-x  -  V  ) 


U  -  C,  (1-x 


y  )  X  -  a  e  x  -  b  yy/2 


(2) 


— 2  — 2  —  _ 

V  -  (1-x  -  y  JY  -  b  e^y  -  ay  x/2 


a  *  b 


e  e  Y  *  far  field  strain  field 
x*  y' 


These  displacement  functions  satisfy  the  geometric  boundary  conditions  for  clamped  support. 


U  -  V  «  W  ■  W,  *  W,  *0  on  the  boundary, 

where  the  comma  followed  by  a  subscript  Implies  partial  differentiation  with  respect  to  the  subscript 


k.  STRAINS 

Finite  amplitude  kinematic  relationships  are  used: 


e  -  U.  +  *  W  - 

XX  X 


y  Y  Y 


V  -  U,  +  v.  +  w,  W, 
’*y  y  x  x  y 


(3) 


*H  *  'U'XX 

\  -  ‘  %Y 


Vy  ■  ^  W'XY 


5.  CONSTITUTIVE  RELATIONSHIPS 

The  constitutive  relationships  for  an  advanced  composite  laminate  are: 

i  ,j  -  x,y,xy  df  1  ,2,3  (If) 


N.  -  A, .  c.  +  0. .  x. 
I  lj  J  Ij  \) 


M.  ■  B.  .  e.  +  0  .  Y  < 
I  U  J  ij 


where  repeated  subscripts  Imply  summation  over  the  range  of  the  subscript. 
6.  ENERGY 

The  total  energy  in  the  considered  panel  is: 


U  -  i  ;a  /  b  S  .  (  N.  c.  +  H.  X.)  dydx 

-a  -b1  -1  1  J  J 


(5) 


where  for  a  rectangle  and  ellipse 
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and  6..  Is  the  Kronecker  delta 


4u  1 


4u  ’ '  1  "J 


Carrying  out  the  Indicated  operations  yield: 

2U  ,  r  .  *  r 


where  for  the  rec tannic 


and  for  the  ell l pse : 


■  i  f  C  +  F  CC+F  C  f  +  F  C  f  +i  F  C 

11  1  12  12  13  1  1H  1  22  2 


+  F  C  f  +  F  C  f  +  i  F  f  +  F  f  +  G  f  e  +  G  f  e  + 

23  2  2  ■*  2  3  3  3  k  13  *  23  Y 

2  2  2  2  2 
G  fy+Hf+l  e  +1  ee  +  l  ey  +  I  e  +1  ey+ly 

33  3  11  *  12  X  y  13  x  22  Y  23  Y  33 


F  -  w (2A  +  ia2  A  ) 

11  11  33 

F  -  (  —  )  (A  +  aA  ) 

12  9  -rr  12  33 

_  2 

F  -  (2A  -A  ) 

13  I  5  o  12  3  3 

F  .  (48U  4  B 1 2  4  2  i2  Bu) 

lk 


F22  -  *2  (2  a2Ai2  +  i  A33  ) 

F2j  ■  — (2Ai2’Aj3) 

F2k  ■  — *  (B12  +  WB22  +  20s3) 

Fj,  -  —  (105  An  +  50u2  A12  +  105  a1*  A22  +  100  a2A,3) 

1282 

Fm  ■  (£12  “  Bis) 

«i.  *-  -^(A»i  *;*A>i) 

H,  -  — ■ <3  Dll  F  2  »12  +  3  i'Dj,  *  4  ;2D„  ) 

111!  I  2  Z »  1)3  -  4Au,  4A22»  4A)) 
l  1 2  t  Ult  1  2  3  “  8A12,  8Aii,  8Az, 


F11  -  yr  (All4  l/3a2  Ad) 
i!  -  (Au  +  Ajj) 

Fl!  “  TjbbT  (Al2‘  Ais) 

F„  -—p-  (i  But  J'B.j  ♦  2  ^Bn) 

F22  -  -r?“  (A22  4  — ^T“  Ad) 

6  3  a2 
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Fzj 

Fa* 

F|j 


15  a^b 


2  11 

3  ah 


T 


TT 

T05aT 


(A12  -  A33  ) 


a  b 

(  — *  3Bj.2a+  2  —  ) 

a  a 

(3Aii  +  2a2  A12  +  3a1*  A22  +  4a2  A33) 


Fi* 


( S 1 1  +  1/3  812  +  2/3  a2  B 3  3 ) 


6a2 


A  .  -  — — 

11  6b2 


A  . 
2  I 


Hj  ■  (Du  •*■  -j  a20i2  +  a1*  D22  +  -^  ct2  Djs) 

lll»  1  2  2  >  1  3  3  “  ^An,  TTA22,  ^^3  3 
1 1 2 »  1 1 3  »  1 2  3  *  2ttA12,  ZtrAu,  2ttA23 


7.  STRAIN  ENERGY  MINIMIZATION 


For  a  given  unit  far  field  strain  field  of  the  plate, 
strain  energy  minimization. 


the  amplitudes:  Cp  ,  f;  are  obtained  by 


3 

3Ci 


2U 

ab 


Fn  Ci  +  Fi2  C2 


2 

f  1 3  f  +  Fji,  f  ■  0 


“Sc!  (  ""Hr  1  '  FlJ  Cl  +  F”  Cl 


2 

Fj>3f  +  F 2 •* F  ■  0 


?  11 

— ^  (  ■  -ab~  )  *  2Fn  Cif  +  Km  Ci  +  2F23  C 2 f  +  F24  C2  + 

2 P3 3 f  +  3Fji*f  ■»'  2(Gi3ex  +  G2jcy  +  GsiV)  «f  +  2H3f  ■  0 


From  the  first  two  equations  we  get: 

2 

C1  "  Fi  f  +  Fjf 
Cj  -  F2f  +  F4 f 

and  substituting  Into  the  third: 

2(Fis  Fi  F2,F2  +  F33 )  f  +  (2F1  j Fj 


(7) 


2F2j  Fi,  +  3F,4  +  Fm  Fi  + 


where : 


^2%  F2  )  f2  +  (  2(Gi,ex  +  c2 3  ey 
F24F4J  f  ■  0 


Css  y)  e  +  2H,  +  FlltF3  + 

(8) 


df 


V  v  Y 

c 

1 

■ 

Pit  F j  ■»  - 

Flz  F?, 

F22  Fn,  -  Fi2  F2 4 

F11  F22  -  f|2 

Fn  Fzi  "  Fiz 

Fj,  Fj,  ■  - 

F 11  F 23  -  F 1 2  F 1 3 

111  f21-  f1Z  Fi. 

Fn  F22  -  Fji 

F11  F22  -  F J 2 

Equation  (8)  governs  the  deflected  shape  of  the  plate.  One  solution,  f  ■  0,  represents  the  stationary 
position  of  the  plate.  A  second  solution  exists  iff: 

«  >  -  2H3  +Fih  F3  F2h  Fi» 

2(Gi3e  +  G  2  3®  +  GssY) 

*  7 


1 
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Noting  that  positive  strains  produce  negative  stresses;  I.e.,  compressive  stress  Is  positive;  and 
defining  the  equality  as  critical  strain 


where 


cr 


2H»_+  Fi  +  F,t  F„ 
2  Gi  i 


(9) 


G 


1  J 


Ci3  e  +  C23 “I 

x  y 


Gai  Y 


The  behavior  of  the  plate  Is  now  characterized.  In  order  to  characterize  the  short  tranrverse 
behavior  of  the  panel,  the  following  quantities: 


Q  -  M  ,  +  M  , 

Hx  x *x  xy  y 

Q  ■  M  .  +  H  . 

y  xy'x  y  y 


(10) 


xy'y 


Vx  -  *  M. 

V  -  Q  +  H  , 
y  y  xy'x 

obtained  from  equilibrium  considerations,  are  evaluated. 
8.  DISCUSSION  OF  SOLUTION 


The  preceding  solution  only  admits  symmetric  modes.  it  is  reasonable  that  skewed  modes  may 
produce  lower  buckling  strains  and,  therefore,  more  realistic  behavior  (2).  The  solution  presented 
herein,  therefore,  only  represents  the  Initial  approach  to  the  determination  of  the  physics  of  failure 
for  delaminated  regions  In  advanced  composite  laminates, 

9.  SAMPLE  SOLUTIONS 

In  order  to  demonstrate  the  utilization  of  this  approach,  It  was  Incorporated  Into  a  computer 
program  which  delineates  the  progressive  failure  of  a  laminate  (^,5)  given  the  stress  resultants  at 
a  point,  it  also  obtains  the  ultimate  strength  If  the  ratios  between  stress  resultants  were  to 
remain  the  same.  Vx  and  Vy  represent  transverse  stress  resultants  on  the  boundary.  The  relation¬ 
ship  between  the  stress  rcsultc  its  and  the  peeling  stress  between  the  panel  and  supporting 
structure  must  still  be  developed.  At  the  present  time,  magnltudej  may  be  studied  to  minimize 
peel Ing  stresses. 


A  total  of  12  laminate  configurations  are  studied.  They  are  all  ^4-ply  [0/±45/90]c  balanced 
laminates  differing  only  in  stacking  sequence.  Table  I  shuws  their  f l exural /membrane  properties 
for  the  reference  axis  at  the  center  of  the  laminate.  Two  loading  conditions  are  studied: 


e  -  1 . 

x 


0. 


-  1. 


-  -.3 


The  Initial  study  comprises  a  survey  of  the  configurations  with  a  -  b 
far  field  strain 


e 


n  e 


cr 


Inch  at  n  -  2,  where  the 


Is  normalized  with  respect  to  the  buckling  strain.  The  results  are  shown  on  table  il.  On  this 
table  an  estimate  of  the  failure  strain 


°ult 


n  acr  (M.S.  +  1) 


I s  made. 

In  order  to  study  del  ami nat Ions ,  compatibility  must  be  maintained  between  the  “thinner"  and 
remaining  portions  of  the  unflawed  laminate.  Assuming  for  this  study  that  the  remaining  portion  does 
(iot  buckle  and  has  relatively  Insignificant  out-of-plane  motion,  then  the  relationship  between 
ey  and  ex  will  be  governed  by  “Poisson's"  effect.  Therefore,  depending  on  stacking  sequence,  case  2 
represents  a  realistic  case  and  will  be  studied  further.  Table  III  shows  results  of  a  study  represent¬ 
ing  monotonlcal ly  increase  of  loading  until  failure  occurs,  I.e.,  H.S.  »  0.  For  the  rectangular 
and  elliptical  delaml nat Ions ,  the  laminate  configurations  producing  the  highest  and  lowest  estimates 
of  critical  strain  were  studied. 
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TABLE  I 

LAMINATE  PROPERTIES 


Laminate 

Conf 1 qurat Ion 

Property 

11 

12 

13 

22 

23 

33 

[0/+95/90] 


(0/+li5/90] 


[90/±*5/0] 


[90/+E5/0] 


1*1(5/0/90] 


[+1*5/0/90] 


[±1(5/90/0] 


[+1(5/90/0] 


[0/90/±1(5) 


[0/90/+l(5] 


[90/0/±l(5] 


[90/0/+1!  5  ] 


Note!  A  blank  Impl  lei  no  change  from  data  above  It. 


TABLE  II 


CONFIGURATION  SURVEYS 


SELECTED  NONLINEARITY  CHECKS 


10.  DISCUSSION  OF  RESULTS 


Some  anomalies  appear  In  the  results.  The  analytic  development  for  the  elliptical  plate  has  been 
independently  checked,  whereas  the  rectangular  plate  has  been  checked  by  the  author  only.  The  same  Is 
true  for  the  computational  portions  of  the  computer  program.  The  complete  program  has  also  been 
checked  by  the  author  only  and  In  the  case  of  the  progressive  failure  analysis  portion,  only  the 
failure  analysis  for  f  lexural  /membraru-  loading.  Tills  must  be  kept  In  mind  when  drawing  conclusions 
from  the  discussion  that  follows. 

Twelve  4-ply  [0/±^5/90]c  graphite/epoxy  laminate  configurations  with  a  -  b  -  one  Inch  were  studied 
for  both  rectangular  and  elliptical  shapes.  Note  that  since  de 1  ami nat Ion s  can  and  do  occur  at  any  point 
in  the  laminate,  nonsymmetrlc  conf igurat Ions  are  studied.  Note  also  that  the  aspect  ratio  Is  one  and 
only  symmetric  modes  are  admlssable.  The  initial  points  of  Interest  are  the  buckling  loads.  For 
the  rectangular  panels,  the  buckling  strains  for  all  configurations  wore  the  same,  «cr  *  735,  1050  u 
in. /In.  for  cases  1  and  2,  respectively,  when  flexural /membrane  coupling,  B  matrix,  was  not  considered. 
Therefore,  the  differences  are  due  to  flexural /membrane  coupling.  The  results  fall  Into  two  cate¬ 
gories.  When  the  ±k$*  plies  are  on  one  side  of  the  laminate  configuration,  the  elliptical  plate  falls 
at  a  higher  strain  than  the  rectangular  plate.  Conversely,  when  the  il<5*  plies  are  on  the  Interior, 
the  reverse  is  true.  This  should  Indicate  the  equilibrium  shape  of  the  delaminated  region  and 
correlates  with  experimental  data  (l).  Further  studies  are  needed  In  this  area.  The  variation  in  the 
buckling  strain  for  the  configurations  studied  was  about  70  percent  for  the  ellipse  and  30  percent 
for  the  rectangle  with  the  highest  minimum  being  for  the  configuration  [ (0/90)c/(±l*5)c]c.  It  should 
be  noted  that  an  admlssable  deflected  shape  is  a  rectangle  Inscribed  In  an  ellipse  or  vice-versa. 

The  ultimate  strength  due  to  flexural /membrane  loading  does  not  appear  to  be  a  function  of  the 
buckling  load.  Variations  of  up  to  50  percent  for  the  rectangle  and  150  percent  for  the  ellipse  are 
observed.  For  case  2,  [90/0/±45]*f  Is  the  best  configuration  for  the  rectangle  while  the  [i45/ 0/90] j 
Is  the  best  for  the  ellipse.  Conversely,  for  case  1,  [±45/90/0]j  and  [90/+45/0]y  are  the  worst, 
respectively.  The  "peeling"  stress  causlnq  delamination  growth  is  a  function  of  Vx,  Mx  or  V y,  My,  on  the 
x  ■  t  a  or  y-±b  boundary  of  the  rectangular  plate,  respectively,  and  similarly  normal  to  the 
boundary  for  the  ellipse.  Transformation  of  boundary  stress  resultants  to  stresses  must  still  be 
performed,  however,  similarity  to  adhesive  bonded  lap  joint  analyses  should  render  the  problem  tractable. 

11.  CONCLUSIONS 

A  relatively  simple  model  to  determine  the  stress  fields  which  cause  delanil  nat  Ion  has  been  presented. 
Utilization  of  this  approach  to  determine  the  growth  trajectories  of  delamlnatlons  undei  monoton  I  cal  1 y 
Increasing  loading  Is  quite  stral  ght forwai d.  Since  these  growth  trajectories  are  In  an  Isotropic 
region  and  the  -tress  fields  are  deterministic,  application  of  conventional  technlcques  appears  to  be 
feasible  to  determine  growth  under  spectrum  loading. 

Of  more  currency  Is  the  relatively  simple  expression  to  obtain  buckling  load  under  combined 
loading.  The  effects  of  f lexura 1 /membrane  coupling  are  Included  but  validity  Is  contingent  upon 
applicability  of  the  selected  displacement  functions.  Obviously,  utilization  of  the  method  to  determine 
perturbations  to  solutions  obtained  by  more  exact  methods  Is  possible. 
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